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Chapter 1
General introduction
Jan B. Koenderink

General introduction
Arrow poison
Long before the discovery of the sodium pump its inhibitors were known. These compounds 
were used for the preparation of arrow poison. The poisonous glycoside was obtained from 
several African shrubs or trees of the dogbane family (genera Strophanthus and Acokanthera). 
The glycosides from different species were found to vary somewhat in chemical composition; 
g-strophanthin is the one appearing to be identical with the glucoside ouabain of 
Acokanthera. Ouabaïo (French) is an African tree and waabayyo (Somali) is an arrow poison. 
The Chinese and Japanese, the ancient Egyptians, Greeks and Romans employed these 
glycosides therapeutically as diuretic agents for centuries. Nevertheless, use of these agents 
had greatly declined in Europe. During the past two centuries, however, this drug has been a 
mainstay in the physician's armamentarium for the therapy of congestive heart failure (31). 
Chemically it is composed of a sugar (glycoside), a steroid, and a cyclic ester known as a 
lactone. Common preparations include digitalis, digitoxin, and digoxin, all from foxglove 
(Digitalis purpurea), and ouabain from Strophanthus gratus, the ouabaïo tree; these vary both 
in solubility and in rapidity and duration of effect. Foxglove remains the main source for the 
drug used medically today.
The man credited with the introduction of this drug into the practice of medicine was William 
Withering (England, 1741-1799), who carefully 
documented case studies in his seminal Account of 
the Foxglove in 1785. The glycosides were used 
primarily to increase the force and rate of heart 
contractions, especially in damaged heart muscle. In 
the 19th century it was shown that digitalis slowed 
the heart by acting on the vagus nerve. Also some 
papers showed that there were hypertensive actions 
on circulation due to these drugs. The main medical 
use for glycosides in modern medicine is the 
effective way of treating congestive heart failure 
and arrhythmias.
In 1953 Schatzmann (197) found that these cardiac 
glycosides inhibit the active transport of Na+ and K+ 
that a few years later was shown to be caused by the 
Na+,K+-ATPase (214). From the correlation between 
the inotropic effect of cardiac glycosides and their 
inhibition of the Na+,K+-ATPase, Repke suggested that the Na+,K+-ATPase is the receptor for 
their inotropic effect on the heart (188). Then, with the discovery of the plasma membrane 
Na+/Ca2+ exchanger, this transport system appeared to provide the missing link between Na+ 
pump inhibition and the cardiotonic effect. An explanation of the link between an inhibition 
of the sodium pump and an inotropic effect was given by Baker et al. in 1969 (20). Increased
intracellular Na+, which follows from the partial inhibition of the Na+-pump, leads to an
2+ 2+ + 2+ enhanced Ca influx and/or decreased Ca efflux through the Na /Ca exchange carrier.2+Most of the intracellular Ca is sequestered in the endoplasmic reticulum or the sarcoplasmic
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reticulum (in muscle), where it is 
buffered. The additional stores of Ca2+ 
can then be mobilized and can cause 
augmented responses (e.g. enhanced 
cardiac contraction) whenever the cells 
are activated. How this inhibition of 
Na+,K+-ATPase results in all its 
clinical effects is still unknown and 
subject of several investigations. Since 
a number of years there are strong 
indications that ouabain is a hormone 
(32). It is produced by both adrenal 
(86,200,206) and hypothalamic (108) cells.
This hormone might play a role in the 
pathogenesis of hypertension (32).
Sodium pump
A first suggestion for a possible sodium pump present in mammalian cells came from Dean, 
who pointed forward that movement of potassium and sodium against concentration gradients 
requires the activity of a pump (57). In 1957 Skou reported the discovery of an enzyme from 
the membrane fraction of the Carcinus meanas nerve (214). This membrane bound enzyme 
system, the Na+,K+-ATPase, was able to hydrolyse ATP when the combination of Na+, K+ and 
Mg2+ was present. Following the discovery of Na+,K+-ATPase, a large number of studies have 
been carried out to characterize the intermediate steps and mechanisms of translocation. A 
breakthrough was obtained by the method developed by J0 rgensen (103) that enabled the 
isolation of purified Na+,K+-ATPase with a high specific activity. The Na+,K+-ATPase is 
tightly bound to the membrane, and can be purified in the membrane by removal of other 
proteins from the membrane by treatment with ionic detergents like SDS. With these isolated 
membrane preparations containing the Na+,K+-ATPase many structural and functional studies 
have been carried out.
In all cells the ionic composition of the cytosolic fluid differs strongly from that of the 
extracellular compartments. The plasma membrane forms an efficient barrier and numerous 
membrane proteins transport ions across the plasma membrane. Primary transport proteins 
transfer ions against the electrochemical gradient, a process that is referred to as active 
transport. Examples of such membrane proteins are the enzymes belonging to the family of P- 
type ATPases. These primary transporters use the energy released by the hydrolysis of ATP to 
drive the transport process. Other so-called secondary transporters are driven by the energy 
stored in ion gradients rather than in ATP. The free energy released during the movement of 
an inorganic ion down an electrochemical gradient is used as the driving force to pump other 
solutes uphill, against their electrochemical gradient. The Na+ gradient, which drives most 
secondary transporters, is established by a member of the family of P-type ATPases, Na+,K+- 
ATPase. This enzyme is present in all mammalian cells and has several implications on the
Figure 1.2 Digitalis purpurea grown at a Foxglove farm in 
Minnesota.
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cell physiology in different cellular systems. It is an energy transducer, which converts the 
energy from the hydrolysis of ATP into a gradient for Na+ and for K+ across the cell 
membrane. These gradients are used as free energy sources for a number of other processes 
like formation of the membrane potential, de- and repolarisation of the membrane potential, 
cell volume regulation, transport of glucose and amino acids into cells against concentration 
gradients, co- and countertransport of ions across the cell membrane and transepithelial 
transport in intestine, kidney and secretory glands.
Related membrane bound ATPases are H+,K+-ATPase and Ca2+-ATPase. These enzymes have 
many structural and functional similarities with the Na+,K+-ATPase but differ in the cation 
specificity.
Gastric acid
In 1824 it was reported that the acidity within the stomach consists of hydrochloric acid (180). 
A few years later it was found that gastric acid secretion is not a continuous process, meaning 
that this process has to be regulated (22). Next, Golgi (83) postulated that the gastric parietal cell 
is the source of acid. In the following century it was observed that the presence of K+ is 
necessary for H+ secretion (205). Furthermore, the link between the ATPase activity and H+- 
transport was made by the observation that alkalinisation of medium and H+ accumulation in 
vesicles is the result of ATP driven exchange of intravesicular K+ for H+ (127,193,194). Finally, a 
century after Golgi’s postulation it was demonstrated that the gastric parietal cell is involved 
in the process of acid secretion (29,61,64).
Acidification of the stomach is necessary for the transformation of gastric proteolytic 
enzymes from their inactive to the active state and it protects the gastrointestinal tract against 
bacterial invasion. In a resting parietal cell the gastric H+,K+-ATPase is mainly located in the 
tubulovesicular system. Histamine, gastrin and acetylcholine can stimulate the fusion of these
+ + (75 92 93 234)vesicles containing H ,K -ATPase with the apical plasma membrane ( ’ ’ ’ . Upon this 
stimulation of the gastric parietal cell large morphological changes can be observed leading to 
activation of K+ and Cl- pathways (58,75,247) and to acid secretion. The gastric parietal cell is 
capable of maintaining a proton gradient of 106 or more across the secretory membrane.
Reaction cycle
The mechanism of action of the sodium pump is the transport of Na+ out and K+ into the cell, 
using ATP as an energy source. The apparent affinity for cytoplasmic Na+ is with saturating 
ATP about 3 times higher than for cytoplasmic K+, while the apparent affinity for 
extracellular K+ is about 100 times higher than for extracellular Na+. With the normal 
intracellular Na+ concentration, 10-20 mM, and about 120 mM K+, the Na+ activation is 15­
20% of maximum, and with the normal extracellular about 4 mM K+ and 140 mM Na+, the K+ 
activation on the extracellular sites is about 85% of maximum. This means that in the intact 
cell membrane the transport system operates with an activity, which is a low fraction of 
maximum; it thus has a big reserve power. The turnover with optimal ligand concentrations at 
37 °C is about 10,000 per minute (215).
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An intermediary step in the hydrolysis 
of ATP by Na+,K+-ATPase is the 
formation of an acid-stable 
phosphoenzyme with the phosphate 
bound to an aspartic acid residue. In the 
nonphosphorylated form the enzyme 
binds ATP with high affinity in the 
presence of Na+, while in the presence 
of K+ the affinity is lower, indicating 
two different conformations determined 
by the cation bound to the system, a 
Na+ conformation (E1) and a K+ 
conformation (E2). A major difference 
between the E 1 and the E2 conformation
E1T ^ ADPTt  ATP ADP
n +
E1P(X+)
Cytosol
'X+
E2(K+)
U +
E2P
K+
Figure 1.3 Albers-Post scheme, describing the reaction 
cycle of X+,K+-ATPases. X+ represents Na+ or H+.
is that the E1 conformation has three binding sites for the cations, while the E2 conformation 
has two binding sites. The stoichiometry of Na+,K+-ATPase for ATP, Na+ and K+ is 1:3:2. 
Basically, the reaction mechanism can be formulated in terms of a 4 step scheme: 
E 1^ E 1P ^ E 2P ^ E 2^ E 1 (107), as shown in Figure 1.3 and generally referred to as the Albers­
Post scheme (2,175).
With no cations in the medium, and under conditions where the Na+ effect of buffer cations 
on the conformation can be minimized, the enzyme is in the E2 conformation. Addition of Na+ 
leads to a transition to the E1Na3 form. In the presence of ATP the enzyme will bind ATP and 
phosphorylate (E1PNa3). Next, the conformation of the enzyme switches to the E2P form and 
the three sodium ions are de-occluded and released to the extracellular solution one at a time, 
in a strict order (94). Extracellular K+ leads to the release of Pi and a conformation from which 
K+ has a very low rate of release, an occluded form, E2K2. After release of K+ to the 
cytoplasm the Na+,K+-ATPase is again in the E1 conformation. It has been suggested that the 
Na+ translocation step, which is electrogenic, carries one net positive charge, while the K+ 
translocation step is electroneutral (187). Na+ cannot be replaced by any other monovalent 
cation for activation of the cytoplasmic sites, whereas K+ can be replaced by any of the other 
monovalent cations for activation on the extracellular sites including Na+ (about 5% of the 
activity with optimal Na+ plus K+), (for a review see 148 and 215).
For H+,K+-ATPase a similar Albers-Post scheme is proposed and adjusted by Wallmark et al.
(243) and Stewart et al. (217) and quantified by Brzezinski et al. (36). Some deviations from the 
characteristics of Na+,K+-ATPase described above have to be mentioned. Obviously the role 
of Na+ is overtaken by H+. Furthermore, although K+ must formally be occluded during the 
translocation across the membrane, it is difficult to demonstrate an occluded enzyme form. 
Whereas in Na+,K+-ATPase the de-occlusion of K+ is rate limiting in the reaction cycle, in 
H+,K+-ATPase the dephosphorylation step is rate limiting. Another important difference 
between the two ATPases lies in the stoichiometry of transported cations and ATP 
hydrolysed. Under normal conditions Na+,K+-ATPase transports 3 Na+ against 2 K+ ions per
12
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ATP molecule split (105), whereas H+,K+-ATPase exchanges an equal number of K+ against H+ 
per hydrolysed ATP molecule (216).
Structure
Na+,K+-ATPase and H+,K+-ATPase are composed of two different subunits. The heavy 
subunit (a), with approximately 100 kDa molecular mass, can be phosphorylated by ATP and 
contains binding sites for cations, ATP, and inhibitors like ouabain and SCH 28080, so it 
clearly represents the catalytic subunit. The light subunit (ß) is a type II membrane 
glycoprotein, which has a molecular mass of approximately 50 kDa for Na+,K+-ATPase or 60­
80 kDa for H+,K+-ATPase. The a- and ß-subunit assemble with a 1:1 stoichiometry to form a 
stable heterodimer.
In 1985 the Na+,K+-ATPase a-subunit from sheep kidney (213) was cloned and the primary 
structure of the enzyme reported. This was followed by the cloning of the Na+,K+-ATPase ß- 
subunit in 1986 (211). In the same year the gastric H+,K+-ATPase a-subunit was cloned (212), 
and in 1990 the H+,K+-ATPase ß-subunit sequence was deduced (41,189,210). Later analogous a- 
and ß-subunits sequences of both ATPases were elucidated for many species. The amino acid 
sequences indicated a similar primary structure of H+,K+-ATPase and Na+,K+-ATPase. The 
catalytic a 1-subunits of Na+,K+-ATPase and H+,K+-ATPase share a high degree of identity 
(63%), in contrast to their heavily glycosylated ß 1-subunits, which are structurally similar but 
only 30% identical. Important applications that came with the cloning of the enzymes is the 
study of these enzymes in controlled enviroment and the possibility to manipulate the cDNA 
and therewith the amino acids. Na+,K+-ATPase and gastric H+,K+-ATPase were functional 
expressed in different mammalian cells, yeast, insect cells, and Xenopus Leavis oocytes 
(17,140,149). This facilitated various studies towards the structure-function relation.
Much effort has been invested in the unraveling of the three dimensional structure of X+,K+- 
ATPases (19,121,185,186,196,218,249). Recently the crystal structure of the sarcoplasmic reticulum
Ca2+-ATPase was solved at 2.6 Â resolution (230). Figure 1.4 shows the overall architecture of2+the sarcoplasmic reticulum Ca -ATPase that was obtained after crystallizing the enzyme in 
the presence of 10 mM CaCl2. The structural organization of the transmembrane domains in 
H+,K+-ATPase, Na+,K+-ATPase, and Ca2+-ATPase (P2-type ATPases) is probably similar. 
Based on hydropathy analysis, protease accessibility, and immunochemical studies, the N- 
terminal third of the a-subunit appeared to contain four transmembrane-spanning regions. 
These regions are followed by a large cytoplasmic loop. Studies on the C-terminal third of the 
a-subunit of X+,K+-ATPases have produced conflicting results. Conclusive data, which 
demonstrated that there are six C-terminal transmembrane segments, was recently obtained 
through site directed chemical labeling (97) and was supported by the crystal structure of Ca2+- 
ATPase (230). The Ca2+-ATPase possesses ten transmembrane domains (M1-M10). The 
lengths of the helices vary strongly, some of them are very long and straight (M2 and M5), 
others are partly unwound (M4 and M6) or kinked at the middle of the membrane (M10).
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Figure 1.4 Architecture of the sarcoplasmic reticulum Ca2+-ATPase (left). a-helices are 
represented by cylinders and ß-strands by arrows. Three cytoplasmic domains are labelled (A,
N and P). The model is orientated so that transmembrane helix M5 is parallel to the plane of the 
paper. The M5 helix is 60 Â long and serves as a scale (230). The model of the catalytic subunit 
of gastric H+,K+-ATPase (right) is obtained by homology modelling techniques from the structure 
of Ca2+-ATPase. The model is rotated 180° compared to that of Ca2+-ATPase.
The Ca2+-ATPase does not contain a ß-subunit like protein. The amino acid identity between
the a-subunits of Na+,K+-ATPase and H+,K+-ATPase is about 62%, whereas the identity2+between these two a-subunits and Ca -ATPase is about 24%. The overall structure of the a-
subunit is rather similar to that of the X+,K+-ATPases. Homology modeling between H+,K+-2+ 2+ATPase and the structure of Ca2+-ATPase revealed that the overall structure of Ca2+-ATPase
applies rather well to that of H+,K+-ATPase (Figure 1.4) (114). 2+ 2+The M4-M6 and M8 helices of the sarcoplasmic reticulum Ca2+-ATPase create the two Ca2+-
binding sites, which are at similar heights with respect to the membrane (see section Cation2+binding and specificity, page 17). The cytoplasmic domain of the Ca -pump consists of three 
well-defined separated domains (230). The central part (domain P) contains the phosphorylation 
site. The largest domain (N) binds the nucleotide ATP. The smallest cytoplasmic domain (A) 
is located somewhat isolated from the other cytoplasmic domains and may act as an actuator 
or anchor for the movement of domain N. The P- and N-domain will move close to each other 
to allow phosphorylation of Asp351. The phosphorylation site is approximately 50 Â away 
from the cation-binding sites present in the M-domain. Phosphorylation may initiate small 
local changes, which may then be communicated from the P-domain to the membrane through 
the stalk helix (M5) and the connecting loop between M6 and M7 (L67). The gap between the
14
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2+A-domain and the P- and N-domain will close. These changes will be transmitted to the Ca -2+ 2+ binding and translocation domains, first to occlude Ca and then to disrupt the Ca -binding
sites and to alter their accessibility to cytosolic and lumenal spaces. At the end of the cycle,2+the release of Ca to the lumen is required before E2P can be hydrolysed. Perhaps this release 
provokes motions of the A domain, allowing the cleft to open and admit water to the 
phosphoenzyme (137).
One has to keep in mind that unlike the Ca2+-ATPase, the X+,K+-ATPases also contains a ß- 
subunit that needs to interact with the catalytic a-subunit to obtain a functional enzyme. 
These ß-subunits contain three disulfide bounds that are essential for enzyme activity (25,44,157). 
In several reports, it has been demonstrated that the three N-glycosylation sites present in the 
Na+,K+-ATPase ß-subunit are not essential for enzyme activity (227,248). Nevertheless, the 
assembly efficiency of nonglycosylated ß-subunits is decreased and a reduced number of 
functional Na+,K+-pumps that is expressed at the cell surface (25). On the other hand, the seven 
N-glycosylation sites of gastric H+,K+-ATPase (six for the pig) are essential for biosynthesis 
of functional gastric H+,K+-ATPase (111). The effects of a series of progressive removals of 
carbohydrate chains on the H+,K+-ATPase activity were cumulative, and removal of all 
carbohydrate chains resulted in the complete loss of H+,K+-ATPase activity (13).
The presence of a y-subunit (10-11 kD) in addition to the Na+,K+-ATPase a- and ß-subunit 
was demonstrated more than 2 decades ago (74,190). This third subunit of Na+,K+-ATPase is not 
essential for ATPase activity. In 1993, Mercer et al. (145) cloned this subunit and it was 
characterized as a type I membrane protein with a single transmembrane domain (28). It 
belongs to the FXYD gene family of small ion transport regulators or channels (226). The y- 
subunit runs on SDS-polyacrylamide gel electrophoresis as a doublet, which is most likely 
due to the presence of different splice variants (124,226). It is not essential for the function of the 
Na+-pump, but it influences the catalytic properties of the enzyme; especially it changes the+ (11 28 229)K affinity ( ’ ’ ). It has also been reported that the y-subunit induces a cation channel 
activity (146). Recently a putative dominant-negative mutation in the gene encoding the 
Na+,K+-ATPase y-subunit was discovered, leading to defective routing of the protein in a 
family with dominant renal hypomagnesaemia (141).
Isozymes
Na+,K+-ATPase occurs in various isoforms. At present as many as four different a- 
polypeptides and three distinct ß-isoforms have been identified in mammalian cells. The 
stringent constrains on the structure of the Na+-pump isozymes during evolution and their 
tissue specific developmental pattern of expression suggests that the different Na+,K+- 
ATPases have evolved distinct properties to respond to cellular requirements (30). These 
isoforms are present in different combinations in various tissues.
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Figure 1.5 Multiple sequence alignments of P-type ATPases 
(ClustalW). ATN1, rat Na+,K+-ATPase a 1-subunit; ATN2, rat 
Na+,K+-ATPase a2-subunit; ATN3, rat Na+,K+-ATPase a3-subunit; 
ATHA, rat gatric H+,K+-ATPase a-subunit; ATHL, rat non-gastric 
H+,K+-ATPase a-subunit; ATHH, human non-gastric H+,K+- 
ATPase a-subunit; ATCB, rat SERCA1a Ca2+-ATPase. The 
transmembrane segm ents (M) are visualized with black squares.
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It has been difficult to understand how very low (nanomolar) concentrations of cardiac 
steroids can induce large cardiotonic effects if the steroids block only a tiny fraction of the
Na+-pump molecules in the plasma membrane of cardiac myocytes, and bulk intracellular Na+2+ + and Ca concentrations do not increase significantly. The discovery of the Na -pump
catalytic a-subunit isoforms has compounded this dilemma because most (if not all) cells
express more than one isoform, and the isoforms are independently regulated and vary
significantly in their affinities for Na+, K+, and ouabain. The a i of rodents, like rat and mouse,
has, compared to all other species, a relatively low affinity for ouabain. The a 2-subunit has a
100 times higher affinity for ouabain; the sensitivity of the a 3-subunit is even a factor 10
higher (30). One provocative possibility is that the different Na+-pump isoforms, with different
kinetic properties, are not simply intermingled in the plasma membrane; rather, they may be
located in different plasma membrane subdomains so that the different isoforms are exposed
to different intracellular subplasmalemmal environments.
Recent evidence suggests that the high-ouabain-affinity isoforms, a 2 and a 3, are confined to 
plasma membrane domains that overlie neighboring endoplasmic reticulum or sarcoplasmic 
reticulum (104). Thus these isoforms appear to be clustered in close proximity to the Na+/Ca2+- 
exchanger molecules that are also located in plasma membrane microdomains. This functional 
unit, which consists of the plasma membrane domain containing the high ouabain affinity 
Na+-pump isoforms and the Na+/Ca2+-exchanger has been named the "PLasmERosome" 
(Figure 1.6). It seems possible that the structure and properties of the aqueous phase in this 
tiny restricted cytosolic volume may differ from those in bulk cytosol. In contrast, the low 
ouabain affinity Na+-pump isoform (a 1) appears to be distributed more uniformly in the 
plasma membrane, but perhaps is excluded from these microdomains; this may be the 
"housekeeping" isoform that serves to maintain a low intracellular Na+ concentrations in the 
"bulk" cytoplasm. This also indicates how an endogenous ouabain-like compound, an adrenal 
cortical hormone, could function physiologically when it acts only on the a 2- and a 3-isoforms 
of the Na+ pump (reviewed in 33).
Figure 1.6 Diagram of a PLasmERosome region. Relationship between the plasma membrane, 
the "restricted" cytosolic space, and the endoplasmic reticulum. The key Na+ and Ca2+ 
transporters present in these regions are shown (33).
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Until now two isotypes of the a-subunit of H+,K+-ATPase have been described. One of these 
has shown to be responsible for gastric acid secretion (HKa1). Only one a- and one ß-subunit 
are known for the gastric enzyme. In the colon another H+,K+-ATPase (HKa2) has been 
discovered. Its catalytic subunit is for about 70% identical to both the gastric H+,K+-ATPase 
and that of the various a-subunits of Na+,K+-ATPase (52). The amino acid composition of 
HK a2 from various species is rather different and until now it is not clear whether the various 
members originate from similar genes (170). In addition to the main form two splice variants 
have recently been described (37,118). Both a-subunits are also present in cells of the collecting 
duct. It has not yet been established which is the native ß-subunit for HKa2 and its splice 
variants. A colon-specific ß-subunit for the H+,K+-ATPase has been found (195). Others refer 
this to a close homologue of the Na+,K+-ATPase ß3-subunit (138).
Recently, a hitherto unknown mammalian X+,K+-ATPase ß-subunit predominantly expressed 
in muscle tissue was discovered (168). In contrast to mature forms of other known X+,K+- 
ATPase ß-subunits, carbohydrate moiety of this subunit is sensitive to endoglycosidase H and 
appears to be composed of short high-mannose or hybrid N-glycans. This finding argues in 
favor of an intracellular location of this ß-subunit in human skeletal muscle (169).
Targeting
Na+,K+-ATPase and gastric H+,K+-ATPase are vectorial delivered from the Golgi apparatus to 
the cell surface in polarized epithelial cells and endocrine secretory cells. This delivery 
involves direct or indirect interaction with cytoskeletal proteins like spectrin, actin, adducin, 
pasin and ankyrin (228). Na+,K+-ATPase is normally restricted to the basolateral membranes of 
numerous epithelial cell types, whereas the H+,K+-ATPase is a component of the apical 
surfaces of the parietal cells of the gastric epithelium (191,250).
In LLC-PK1 cell lines chimera N519H is restricted to the basolateral surface, suggesting that 
residues within the N-terminal 519 amino acids of the Na+,K+-ATPase a-subunit contain a 
basolateral sorting signal. H+,K+-ATPase ß-subunit expressed alone in LLC-PK1 cells 
accumulates at the apical surface. When coexpressed with N519H, the H+,K+-ATPase ß- 
subunit assembles with this chimera and accompanies it to the basolateral surface. Thus the 
N-terminal basolateral signal in the Na+,K+-ATPase a-subunit masks or is dominant over any 
apical sorting information present in the ß-polypeptide (152). These experiments also 
demonstrate that the a-subunit of H+,K+-ATPase encodes localization information responsible 
for its apical distribution. Dunbar et al. (62) have identified that the fourth transmembrane 
segment of the gastric H+,K+-ATPase is sufficient to redirect the normally basolateral Na+,K+- 
ATPase to the apical surface in transfected epithelial cells. A chimera incorporating the 
Na+,K+-ATPase a-subunit fourth transmembrane domain is also apically targeted when both 
of its flanking sequences derive from H+,K+-ATPase sequence. These results suggest that this 
signal functions through conformational interactions between the fourth transmembrane 
spanning segment and its surrounding sequence domains (62).
The a- and ß-subunits of H+,K+-ATPase encode independent signals that specify its 
localization (84). Activation of acid secretion involves insertion of H+,K+-ATPase into the 
parietal cell plasmalemma, while its cessation is associated with reinternalisation of the
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H+,K+-ATPase into an intracellular storage compartment. The cytoplasmic tail of the H+,K+- 
ATPase ß-subunit includes a four-residue sequence homologous to tyrosine-based 
endocytosis signals (FRHY) that is required for the internalisation of H+,K+-ATPase and for 
the termination of acid secretion. Gastric glands from mice expressing a mutant ß-subunit 
(Y20A) constitutively secrete acid and continuously express H+,K+-ATPase at their cell 
surfaces (51). This tyrosine-based motif directs this subunit to the basolateral domain in 
MDCK cells, whereas this subunit is directed to the apical membrane in LLC-PK1 cells (192). 
Follow-up studies suggest that the tyrosine-based signal in the cytoplasmic tail of the H+,K+- 
ATPase ß-subunit functions in the kidney as it does in the stomach to internalise H+,K+-pump 
and thus inactivate pump function (246).
Subunit interaction
In vivo translation/insertion experiments in Xenopus laevis oocytes with the a-subunit of 
Na+,K+-ATPase or H+,K+-ATPase linked to a glycosylation reporter sequence indicate that 
membrane insertion and stabilization of the N termini (M1-M4) are mediated by intrinsic 
molecular characteristics. The membrane insertion of the C terminus (M5-M10) and thus the 
stabilization of the entire a-subunit, however, depends on intramolecular and intermolecular 
ß-subunit interactions that are similar for the Na+,K+-ATPase and H+,K+-ATPase a-subunits 
(23,26,27). Assembly of a heterodimer occurs in the endoplasmic reticulum (ER) immediately 
after synthesis (250). The ß-subunits are needed for the newly synthesized a-subunit to adopt a 
stable configuration and the a- and ß-subunits mutually depend on each other for transport 
out of the ER (1). In the absence of the Na+,K+-ATPase a-subunit, the Na+,K+-ATPase ß- 
subunit is retained in the ER, while the H+,K+-ATPase ß-subunit can leave the ER. Chimeras 
between the Na+,K+-ATPase and H+,K+-ATPase ß-subunits suggest that ER retention of the
unassembled Na+,K+-ATPase ß-subunit is mediated by a retention signal in the ectodomain
(101).
The H+,K+-ATPase a-subunit requires its ß-subunit for efficient cell-surface expression. The 
H+,K+-ATPase ß-protein, however, appears to be able to get to the cell surface 
unaccompanied by any a-subunit and appears to localize as well to a population of 
intracellular vesicles. Similar to the Na+,K+-ATPase ß-subunit, the H+,K+-ATPase ß-subunit 
can stabilize and increase the trypsin resistance of a-subunits of Na+,K+-ATPase. Expression 
in Xenopus oocytes of the H+,K+-ATPase ß-subunit together with Na+,K+-ATPase a-subunit 
leads to an increased number of ouabain-binding sites at the plasma membrane accompanied 
by an increased Rb+ uptake and Na+,K+-pump current (95). Coexpression in yeast cells of the 
H+,K+-ATPase ß-subunit with the a-subunit of Na+,K+-ATPase also leads to the appearance 
of high-affinity ouabain-binding sites in yeast membranes. These ouabain-binding sites are 
expressed at levels similar to those formed with the ß1-subunit of Na+,K+-ATPase. Sodium 
pumps formed with the H+,K+-ATPase ß-subunit show quantitative differences in their 
affinity for ouabain and in the antagonism of K+ (66). Coexpression of the Na+,K+-ATPase a- 
subunit 1, 2 and 3 with the H+,K+-ATPase ß-subunit or the Na+,K+-ATPase ß-subunit 1 or 2 in
mammalian cells revealed that each of the a-subunits assembled with each of the ß-subunits
(130).
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The H+,K+-ATPase a 2-subunit formes stable and functional a /ß  complexes when coexpressed 
with either the rat ß1-subunit of the Na+,K+-ATPase or the ß-subunit of the gastric H+,K+- 
ATPase (48). Immunoprecipitation experiments demonstrate that the H+,K+-ATPase a 2-subunit 
assembles with the Na+,K+-ATPase ß1-subunit in the renal medulla and distal colon (47).
In 1992 the group of Fambrough et al. (129) demonstrated that a chimera expressed in COS-1
cells, in which 161 amino acids of the Na+,K+-ATPase carboxyl terminus replaced the2+corresponding amino acids of the Ca -ATPase carboxyl terminus, assembled with the 
Na+,K+-ATPase ß-subunit. Two years later the same group showed that a chimera containing 
26 amino acid residues of the Na+,K+-ATPase a 1-subunit (Asn894 to Ala919) that replaced the 
corresponding SERCA1 Ca2+-pump residues assembled with the Na+,K+-ATPase ß-subunit 
(128). Scanning alanine mutagenesis in combination with the yeast-two-hybrid system led to 
identification of an evolutionarily conserved sequence of four amino acids (SYGQ) in the 
extracellular loop between M7 and M8 (L78) of the a-subunit that is crucial to a-ß- 
intersubunit interactions (49). Wheat germ agglutinin fractionation of fluorescein 5-maleimide- 
labeled tryptic fragments of detergent-solubilized H+,K+-ATPase showed that a fragment from855 922Leu855 to Arg922 of the a-subunit was bound to the ß-subunit. The yeast two-hybrid system
898 928identified Arg to Thr as the site of interaction. It was deduced that the sequence from898 922Arg to Arg in the a-subunit has strong interaction with the extracytoplasmic domain of 
the ß-subunit (142).
A transfected chimera encoding the N-terminal half of the H+,K+-ATPase a-subunit and the 
C-terminal half of the Na+,K+-ATPase a-subunit assembled with the endogenous Na+,K+- 
ATPase ß-subunit and reached the plasmalemma. Transfection of the complementary a  
chimera requires coexpression with the H+,K+-ATPase ß-subunit in order to attain surface 
delivery (85). The amino acids Gln905-Val930 present in L78 of the gastric H+,K+-ATPase a- 
subunit preferentially associate with the extracellular domain of H+,K+-ATPase ß-subunit to 
form functional pump complexes (244). The analogous 26 amino acids (Asn886-Ala911) of+ + 908 933Na ,K -ATPase a 3 were replaced by the corresponding amino acids Asn -Ala of distal 
colon H+,K+-ATPase. Site-directed mutagenesis of the chimeric a-subunits and Na+,K+- 
ATPase a 3 showed that Val904, Tyr898, and Cys908 in the Na+,K+-ATPase a 3 subunit are key 
residues in specific a/ß-subunit interactions (245).
When the extracellular domain of the Na+,K+-ATPase ß-subunit was replaced by that of the 
H+,K+-ATPase ß-subunit the K+-affinity of the resulting Na+,K+-ATPase decreased (65,101). 
This chimeric ß-subunit also reduced the role of Na+ in phosphoenzyme formation from ATP, 
but Na+ binding or release by the enzyme was still required for ATP hydrolysis and release of 
phosphate (67). The assembly data from chimeras of the Na+,K+-ATPase ß-subunit and 
dipeptidyl peptidase IV and C-terminal deletions suggest that the 96 extracellular amino acids 
immediately adjacent to the membrane contain sequences important in assembly with the a- 
subunit (87). Subunit interactions of the M78 loop of the a 1-subunit and the ß1-subunit of 
Na+,K+-ATPase were also explored with the yeast two-hybrid system. The maximal 
truncation, that still allowed subunit interaction, removed all the cysteines involved in 
disulfide bridges, leaving only 63 amino acids acids immediately adjacent to the 
transmembrane domain of the ß-subunit ectodomain (49). Furthermore, it was shown that
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hydrophobic C-terminal amino acids in the 
ß-subunit are involved in assembly with the 
a-subunit of Na+,K+-ATPase (24). Ueno et al. 
(233) demonstrated that at least two regions of 
the Na+,K+-ATPase ß-subunit (Tyr40 to Ile89 
and Cys176 to C-terminus) are involved in 
stable assembly with the Na+,K+-ATPase a- 
subunit, whereas the cytoplasmic domain is 
functionally replaceable with the 
corresponding domain of the H+,K+-ATPase 
ß-subunit <233).
The gastric H+,K+-ATPase a-subunit 
preferentially associates with the 
extracellular domain of H+,K+-ATPase ß- 
subunit to form functional pump complexes
(244). Again, using yeast two-hybrid analysis, 
two sequences in the H+,K+-ATPase ß- 
subunit Gln64 to Asn130 and Ala156 to Arg188 
were identified as association domains in the 
extracytoplasmic sequence of the ß-subunit 
(Figure 1.7) (142). A chimeric ß-subunit that 
consists of the cytoplasmic plus 
transmembrane domains of Na+,K+-ATPase 
ß-subunit and the ectodomain of H+,K+- 
ATPase ß-subunit assembled with the 
H+,K+-ATPase a-subunit and expressed 
ATPase activity (14). The extracellular152 178segment between Cys and Cys was also 
exchangeable between H+,K+-ATPase and 
Na+,K+-ATPase (Figure 1.7). Finally, the 
extracellular epitope for assembly-sensitive 
MAb 2/2E6 (226SLHY229) may represent a 
region of the H+,K+-ATPase ß-subunit that 
is associated with a-ß interaction (160).
Cation binding and specificity
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Figure 1.7 Schematic illustration of the H+,K+- 
ATPase ß-subunit. Two segm ents from Glu64 to 
Asn130 and from Ala156 to Arg188 of rat H+,K+- 
ATPase ß-subunit that were shown to be critical in 
assembly of the H+,K+-ATPase in yeast two-hybrid 
assay (142) are shown by arrows. Closed circles 
represent amino acids that can be swapped by the 
counterpart of the Na+,K+-ATPase ß-subunit 
preserving H+,K+-ATPase activity. Shaded circles 
represent amino acids in the segment that cannot 
be swapped by the counterpart of the Na+,K+- 
ATPase ß-subunit. N-Glycosylation sites (closed 
circles with sugar chain symbols) and S-S bonds 
(asterisks) in hog gastric H+,K+-ATPase ß-subunit 
are also shown. Adapted from 14.
Chemical labelling with or without proteolytic pretreatment, was used to localise cation- 
binding sites. For Na+,K+-ATPase, H+,K+-ATPase and Ca2+-ATPase it was shown that 
binding of dicyclohexylcarbodiimide (DCCD) inhibits the ATPase activity. Furthermore, 
these studies indicated that carboxylic acids are part of the cation-binding sites within the 
membrane (5,6,54,82,174,182). Additionally, the location of cation-binding sites was studied with
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the aid of proteolytic digestion to remove cytosolic peptides (106). The presence of Rb+ ions (a 
commonly used K+ substitute) protected a 19 kDa fragment and other membrane fragments of 
Na+,K+-ATPase against further digestion. This suggested that these fragments interact as a 
complex in which the transmembrane segments cooperate to occlude the cations (161,207). The 
M5-M6 hairpin of trypsin treated Na+,K+-ATPase and H+,K+-ATPase stabilized in the 
membrane phase when the transported cation K+ is present, whereas this fragment was 
released to the extracellular phase in the absence of the transported cation. The effects of the 
counter-transported cation on retention of the M5-M6 segment in the membrane as compared 
with the other membrane pairs seems to be a general feature of P2-ATPase ion pumps, 
reflecting a flexibility of this region that relates to the mechanism of transport (77,133).
In particular negatively charged residues orginating from glutamate and aspartate present in 
the transmembrane regions were thought to be involved in transport of positively charged
ions. Clarke et al. (46) were the first who used the technique of site directed mutagenesis to2+study the role of these charged residues in SERCA1a Ca -ATPase. Upon mutagenesis of2+these residues it was revealed that both Ca transport and ATP dependent phosphorylation 
were abolished. The critical residues comprised Glu309 in M4, Glu771 in M5, Asn796, Thr799 
and Asp800 in M6 and Glu908 in M8 (46). The residues in M4, M5, and M6 have the 
homologous counterparts Glu327, Glu779, Asp804, Thr809, and Asp808 in Na+,K+-ATPase (4,148) 
and Glu343, Glu795, Glu820, Thr823, and Asp824 in gastric H+,K+-ATPase (148). The residue 
present in M8 of the Ca2+-ATPase is only conserved in the gastric H+,K+-ATPase (Glu936) and 
not in Na+,K+-ATPase (Val920).
Andersen and Vilsen (3) demonstrated the presence of two Ca2+-binding sites (I and II) in the 
SERCA1a Ca2+-pump. This was confirmed by the elucidated structure (230). Site I is located in 
the space between the helices M5 (Asn768 and Glu771) and M6 (Thr799 and Asp800) with
contribution of M8 (Glu908). The orientation of these oxygen-containing residues facing the
2+Ca -binding site I was in agreement with the results obtained by mutagenesis of these 
residues (46). Site II is formed by Glu309 (M4), Asn796, and Asp800 (M6) in combination with
the main chain carbonyl oxygen atoms of Val304, Ala305, and Ile307 (M4). The latter is2+facilitated by the unwinding of the M4 helix. The Ca -binding sites are stabilized by 
hydrogen-bond networks between the coordinating residues and between residues of other 
helices. This hydrogen-bond network probably plays an important role in the positioning of 
the Ca2+-binding residues. The Asp800 residue plays a role in both Ca2+-binding sites.
Therefore the positioning of this residue is very crucial. The homology concerning the2+primary structure as well as the functional similarity of the cation-binding residues of Ca - 
ATPase and the X+,K+-ATPases imply that there is a high degree of structural similarity with 
respect to the cation-binding sites.
+ + 327The Na ,K -ATPase residue Glu could be substituted with other amino acids, but the 
affinities for K+ and Na+ were often decreased (102,123,153,238). Substitutions of H+,K+-ATPase
343Glu by Asp, Lys, or Val abolished ATPase activity, but upon replacement by a Gln, a 10­
fold decreased affinity for K+ was observed (17). These studies provide additional evidence on 
the role of this glutamate residue in cation binding. Other residues present in the
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transmembrane domain four of Na+,K+-ATPase that might also be involved in cation-binding 
are Asn324 (239), Pro326 (237), Gly328 (241) and Leu330 (237). Site directed mutagenesis demonstrated
335that substitutions of these residues changed the cation affinities. Upon substitution of Ala 
and Tyr340 in gastric H+,K+-ATPase a reduced NH4+ affinity was observed indicating a 
decreased K+ affinity (149).
Substitution of Glu779 with leucine led to inactivation (102), while the E779A, E779D, E779Q 
and E779K mutants were active and could substitute the endogenous Na+,K+-ATPase 
(72,119,240). Nielsen et al. (153) showed that the E779Q mutant showed a 3-fold decreased high- 
affinity occlusion of Rb+ and Tl+ ions, whereas Tl+ occlusion was abolished in the E779D 
mutant. The E779A mutant showed an increased Na+-ATPase activity (in the absence of K+) 
compared to that of the wild-type enzyme (119,240). Electrogenic studies on this mutant 
indicated the presence of a Na+-Na+ exchange process. The E779A mutant was, in contrast to(8) 779the wild-type enzyme, voltage independent ( ). From these results it was concluded that Glu 
may be part of an access channel for extracellular cation-binding to Na+,K+-ATPase 
determining the voltage dependence of ion transport by the Na+,K+-ATPase(167). Substitution 
of Glu795 of gastric H+,K+-ATPase indicated that the carbonyl group is involved in cation 
binding. Furthermore, it was demonstrated that the mutants E795L and E795A possessed a K+ 
independent ATPase activity (89,222). In the fifth transmembrane domain of Na+,K+-ATPase 
many other polar residues also play a role in cation-binding. It is suggested that Tyr771 (9,163), 
Thr772 (9’163), Thr774 (163), Ser775 (7’163) Asn776 (9’163), and Pro778 (241) play a role in the distinctive 
Na+/K+ selectivity by a rotating or tilting mechanism, which adapts the distances between the 
coordinating groups (163).
The sixth transmembrane domain contains two negatively charged residues. Replacement of 
Na+,K+-ATPase Asp804 resulted in enzyme preparations that could substitute the endogenous 
Na+,K+-ATPase (102,122,236,240). These mutants possessed a decreased K+-affinity compared to 
that of the wild-type Na+,K+-ATPase, indicating that Asp804 is involved in K+ binding (122,165). 
Substitutions of this residue furthermore resulted in decreased phosphorylation levels, which 
indicates that Asp804 is also involved in Na+ binding (165). Also high-affinity Rb+ and Tl+ 
occlusion of Asp804 mutants (Asn, Glu) was abolished (153). Substitution of Glu820 of gastric 
H+,K+-ATPase by a Gln resulted in an enzyme that was phosphorylated by ATP but showed 
neither a K+-stimulated ATPase activity nor a K+-activated dephosphorylation of the 
phosphorylated intermediate (222). Asano and co-workers (17) showed that substitution of Glu820 
by an Asp decreased the K+ affinity in the ATPase reaction. This could, however, not be
confirmed by Hermsen et al. (90), who demonstrated that the K+ affinity was not changed. The820 +ATP phosphorylation rate of the E820D mutant suggests that Glu might play a role in H 
stimulation of the phosphorylation process (91). Three mutants of gastric H+,K+-ATPase 
lacking a negative charge on residue 820 have a high K+-insensitive ATPase activity. This 
high activity is caused by an increased 'spontaneous' rate of dephosphorylation of the 
phosphorylated intermediate. These findings indicate that the negative charge normally 
present on residue 820 inhibits the dephosphorylation process. K+ ions do not stimulate
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dephosphorylation of the phosphorylated intermediate directly, but act by neutralizing the 
inhibitory effect of a negative charge in the membrane (90,220).
The Na+,K+-ATPase mutants D808L (102) or D808N (164,236,240) could not substitute for the
+ + 808 endogenous Na ,K -ATPase. Substitution of Asp to Glu or Ala resulted in an enzyme that(236) 808 + +was able to maintain essential cation gradients  ^ . The importance of Asp in Na - and K - 
binding was demonstrated by several substitutions (153,236). Mutagenesis of Asp824 of gastric 
H+,K+-ATPase to an Asn results in an enzyme, which lacks all activity, although expression 
levels were comparable to other active mutants (222). The Na+-affinity of T807A, also present 
in transmembrane domain six of Na+,K+-ATPase, was strongly reduced indicating a role of 
this residue in Na+ binding (240).
Segments within the sodium pump were identified that could not be replaced with proton 
pump sequences without the loss of biological activity. These segments mapped to three 
discrete regions: residues 63-117, residues 320-413, residues 735-861 and residues 898-953 
(40). Blostein et al. 3^4) provided evidence for the role of the N-terminal half of the M4-M5 
loop and the adjacent transmembrane helice(s) in cation selectivity. Replacement of this 
Na+,K+-ATPase domain by that of H+,K+-ATPase conferred an increased apparent selectivity 
for H+ relative to Na+ at cytoplasmic sites as shown by the persistence of K+ influx when the 
proton concentration is increased and the Na+ concentration decreased. Furthermore, three M4 
residues (L319F, N326Y, and T340S) play an important role in determining both the specific 
cation selectivities and the E1/E2 conformational equilibriums of Na+,K+-ATPase and H+,K+- 
ATPase (144).
A chimera, in which the C-terminal 102 amino acids of the Na+,K+-ATPase a 1 subunit2+ + replaced the corresponding region of the SERCA Ca -pump, lacked the low-affinity K -2+ + activation of the Ca -ATPase and displayed a higher-affinity activation by K , similar to that
of Na+,K+-ATPase, whereas activation by Na+ was not affected (98).
Inhibitors
Although it is well known that ouabain inhibits the sodium pump from the extracellular side 
the precise binding site of this drug is unknown. A large number of studies have made clear 
that ouabain prefers binding to the phosphorylated (E2P) form of this enzyme (88,204). This 
phosphorylation occurs in an intracellular domain of the enzyme and must thus have an effect
on the conformation of the enzyme at the extracellular surface. Ouabain binds in the presence2+ 2+ of Mg , but the rate is increased when the enzyme is phosphorylated in the presence of Mg ,
Na+, and ATP or Mg2+ and Pi.
It is now generally accepted that amino acids present in the first extracellular loop of Na+,K+- 
ATPase are involved in binding of ouabain (15,40,50,53,68). Lingrel and co-workers (177,179) 
noticed by comparison of the primary structure of the catalytic subunit of various species that 
the a 1-subunit of rodents have charged amino acids at the extracellular border of the first and 
second transmembrane helices, whereas the a 1-subunit of all other species and all a 2 and a 3 
subunits contain polar uncharged amino acids at these positions. By mutagenesis of these 
uncharged amino acids (Gln, Asn) of the sheep a 1 subunit into charged ones (Arg, Asp) they 
could produce a mutant enzyme that was resistant towards ouabain. This strongly suggested
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that the extracellular loop between M1 and M2 plays a major role in ouabain binding. Further 
studies demonstrated that other residues in this loop are also important for determining the 
ouabain-sensitivity (201). However, in later studies it was shown that a reduction or loss in 
ouabain affinity also occurred when amino acids present in other transmembrane helices or(38 39 71 162 201)extracellular loops were mutated  ^ ’ ’ ’ ’ . It was, however, very difficult to determine 
whether this loss in affinity was due to mutation of amino acids directly involved in ouabain 
binding or to secondary conformational changes that indirectly caused the effect (202). A2+ 70 200chimeric sarcoplasmic/endoplasmic reticulum Ca -ATPase with Ala until Asp of 
Na+,K+-ATPase could bind ouabain (99,100). A chimeric H+,K+-ATPase with the first815extracellular loop and Cys (present in the extracellular loop between M5 and M6) replaced 
by the corresponding amino acids of Na+,K+-ATPase (Thr) also acquired ouabain sensitivity, 
although the affinity was very low (15). It has previously been demonstrated, on the other hand, 
that the ouabain-sensitivity is not confined to the amino-terminal half of Na+,K+-ATPase 
(34,35). Indeed, many amino acid substitutions throughout the a-subunit increase the ouabain 
resistance (reviewed in 53). For a number of years the localization of the ouabain binding site 
on Na+,K+-ATPase has been subject of many studies, but despite attempts to unravel the 
precise location of ouabain binding, the amino acids involved in direct binding are still 
unknown. The K+-ouabain antagonism suggests that the K+ binding site, which probably 
includes M4, M5 and M6, may also be involved in ouabain binding (162).
Gastric H+,K+-ATPase can be reversibly inhibited by imidazo pyridines like 2-methyl-8- 
[phenylmethoxy] imidazo-(/,2a) pyridine 3-acetonitrile (SCH 28080), apparently by binding 
to a high-affinity site for K+ (109,143,242). Using chimeric ATPases, Blostein et al. (35) concluded 
that the N-terminal half of the gastric proton pump must be involved in SCH 28080 binding, 
and this is in good agreement with Munson et al. (150), who determined the binding site of a 
photoaffinity analog of SCH 28080 to be the domain including the first two transmembrane 
segments of the a-subunit as well as the extracellular loop between these segments. An amino 
terminal localization of SCH 28080 was further supported by the observation that Na+,K+- 
ATPase, in which twelve amino acids of the first transmembrane segment of the a-subunit 
had been replaced by the homologous amino acids from H+,K+-ATPase, showed a rather high 
sensitivity toward this drug (136). Asano et al. (15), however, found that the entire extracellular 
loop between M1 and M2 and the luminal half of transmembrane segment M1 are not 
essential for SCH 28080 binding. This group suggested that Glu820, Thr823, and Pro827 might
be important for the binding of SCH 28080 (15,16). Swarts et al. (221), however, demonstrated
820that these findings could be explained by assuming that mutation of Glu favors the E1 
conformation that is not sensitive for SCH 28080 binding. The high tendency of the E820Q 
mutant for the E 1 form is further supported by experiments showing that ATP 
phosphorylation of this mutant is rather insensitive towards vanadate, inorganic phosphate, 
and K+. Farley et al. (70) demonstrated that the palytoxin-induced K+ efflux of a chimeric 
Na+,K+-ATPase a 3-subunit with Gln905-Val930 of gastric H+,K+-ATPase expressed with the 
H+,K+-ATPase ß-subunit is inhibited by SCH 28080. The laboratory of Sachs (126,151) 
suggested that amino acids in M1-M2, M3, M4, and M6 are involved in the binding of SCH
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28080. In conclusion, it is not completely clear where the binding site of the gastric H+,K+- 
ATPase inhibitor SCH 28080 is located.
Aim and outline of this thesis
The Na+,K+-ATPase and gastric H+,K+-ATPase belong to the class of P-type or transport 
ATPases. These ATPases use the energy from ATP for active transport of ions. Gastric 
H+,K+-ATPase has many similarities to the ubiquitous Na+,K+-ATPase. The two enzymes 
have a catalytic a-subunit and a glycosylated ß-subunit with similar structural features. 
However, the two enzymes have different ion specificities (Na+ vs H+) and different affinities 
for drugs (ouabain vs SCH 28080) that counteract the K+ effect. How do these X+,K+- 
ATPases discriminate between Na+ and H+? It is likely that the binding sites for ions and for 
certain inhibitory drugs are located within or close to transmembrane segments. By making 
chimeras of the a-subunits of Na+,K+-ATPase and H+,K+-ATPase, information can be 
obtained about transmembrane segments, that could be responsible for the specificity for 
cations and drugs.
Studies of the hybrid ATPase consisting of the Na+,K+-ATPase a-subunit and the H+,K+- 
ATPase ß-subunit have sought to analyse the function of the ß-subunit. This hybrid ATPase 
binds ouabain and transports cations across the membrane (66,95). The question arises as to 
whether the complementary hybrid, consisting of the catalytic subunit of the H+,K+-ATPase 
and the ß-subunit of the Na+,K+-ATPase, also possesses catalytic activity. In chapter 2 we 
therefore measured both the Na+,K+-ATPase activity and the H+,K+-ATPase activity for both 
hybrid ATPases. Furthermore this study examines the possible role of ß-subunits in the 
apparent K+-affinity of both K+-dependent ATPases.
The similarity between the catalytic subunits of Na+,K+-ATPase and H+,K+-ATPase made it 
possible to prepare chimeras and to test their catalytic properties. Because of the postulated 
role of the M5-M6 hairpin in cation binding we describe in chapter 3 the preparation of a 
chimeric enzyme from gastric H+,K+-ATPase in which only this hairpin was replaced by that 
of Na+,K+-ATPase. We next prepared chimeras in which the part originating from Na+,K+- 
ATPase was gradually increased into the N-terminal direction. In all these chimeras the C- 
terminal part, including the last four transmembrane segments and the ß-subunit originated 
from the gastric H+,K+-ATPase. We show that only chimeras that contain all six N-terminal 
transmembrane domains and the intermediate loops displayed Na+-activation of the ATPase 
activity and the ATP-phosphorylation reaction. Furthermore, we provided evidence for a role 
of the C-terminal region in K+ occlusion.
For a number of years the localization of the ouabain binding site on Na+,K+-ATPase has been 
subject of many studies, but despite attempts to unravel the precise location of ouabain 
binding, the amino acids involved in direct binding are still unknown. The K+-ouabain 
antagonism suggests that the K+ binding site, which probably includes M4, M5 and M6, may 
be involved in ouabain binding (162). In chapter 4 we investigated the role of transmembrane 
hairpins M1-M2, M3-M4 and M5-M6 in the binding of ouabain. In one of these chimeras 
(HN34/56) the transmembrane regions M3-M4 and M5-M6 of H+,K+-ATPase were replaced 
by those of the a 1-subunit of rat Na+,K+-ATPase, an isotype with a low affinity for ouabain.
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Surprisingly, chimera HN34/56 did bind ouabain with a very high affinity. We demonstrated 
that the presence of the M3-M4 and M5-M6 hairpins is crucial for ouabain binding and that 
the observed high affinity for ouabain binding is due to the presence of two neutral residues in 
H+,K+-ATPase at the position of Arg113 and Asp124 of rat Na+,K+-ATPase.
Polar, in particular negatively charged, residues present in transmembrane segments of P-type 
ATPases are assumed to play a role in cation binding and transport. Previous studies of our 
group with gastric H+,K+-ATPase have indicated a pivotal role of Glu820, present in 
transmembrane domain six of the catalytic subunit (90,220). These experiments led to the 
postulation that the empty K+-binding pocket, in which Glu820 plays a crucial role, inhibits the 
dephosphorylation process. The residue in Na+,K+-ATPase that is analogous to Glu820 in 
gastric H+,K+-ATPase is Asp804. Although several mutants of this residue have been prepared 
before, they were not analysed in such a way that they could validate the “inhibited 
dephosphorylation hypothesis” for Na+,K+-ATPase. In chapter 5 we therefore generated six 
different mutants of Asp804 and analysed them similarly as was done for H+,K+-ATPase. It is 
concluded that upon mutation of aspartate 804 the affinity of the cation-binding pocket is 
changed relatively in favour of Na+ instead of K+, as a consequence of which the enzyme has 
obtained a preference for the E1 conformation.
This thesis aimed to contribute to our insight in the mechanism of action of P-type ATPases 
and to identification of domains specific for cation transport function and drug interaction of 
Na+,K+-ATPase and gastric H+,K+-ATPase. A general discussion and summary on these 
subjects is given in chapter 6.
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The ß-subunits of Na+,K+-ATPase and gastric H+,K+-ATPase 
have a high preference for their own a-subunit and affect 
the K+-affinity of these enzymes
Jan B. Koenderink, Herman G.P. Swarts, Harm P.H. Hermsen and Jan Joep H.H.M. 
De Pont
The Journal of Biological Chemistry, April 23, 1999, 11604-11610.

Hybrids of Na+,K+-ATPase and H+,K+-ATPase
The a- and ß-subunits of Na+,K+-ATPase and H+,K+-ATPase were expressed in 
Sf9 cells in different combinations. Immunoprecipitation of the a-subunits resulted 
in coprecipitation of the accompanying ß-subunit independent of the type of ß- 
subunit. This indicates cross-assembly of the subunits of the different ATPases. 
The hybrid ATPase with the catalytic subunit of Na+,K+-ATPase and the ß-subunit 
of H+,K+-ATPase (NaKaHKß) showed an ATPase activity, which was only 12 ± 
4% of the activity of the Na+,K+-ATPase with its own ß-subunit. Likewise, the 
complementary hybrid ATPase with the catalytic subunit of H+,K+-ATPase and 
the ß-subunit of Na+,K+-ATPase (HKaNaKß) showed an ATPase activity which 
was 9 ± 2% of that of the recombinant H+,K+-ATPase. In addition the apparent 
K+-affinity of the hybrid NaKaHKß was decreased, while the apparent K+-affinity 
of the opposite hybrid HKaNaKß was increased. The hybrid NaK aH K ß could be 
phosphorylated by ATP to a level of 21 ± 7% of that of Na+,K+-ATPase. These 
values, together with the ATPase activity gave turnover numbers for N aK aß and 
NaKaHKß of 8800 ± 310 min-1 and 4800 ± 160 min-1, respectively. M easurements 
of phosphorylation of the HKaN aK ß and H K aß enzymes are consistent with a 
higher turnover of the former. These findings suggest a role of the ß-subunit in the 
catalytic turnover. In conclusion, although both Na+,K+-ATPase and H+,K+- 
ATPase have a high preference for their own ß-subunit, they can function with the 
ß-subunit of the other enzyme, in which case the K+-affinity and turnover num ber 
are modified.
Both Na+,K+-ATPase and H+,K+-ATPase belong to the family of P-type ATPases, which 
transport ions across the plasma membrane (166). The Na+,K+-ATPase is found in almost all 
animal cells and is essential for the maintenance of cellular ion gradients, whereas the gastric 
H+,K+-ATPase is located in parietal cells of the gastric mucosa, where it is responsible for 
acid secretion by the stomach. These X+,K+-ATPases couple ATP hydrolysis to 
countertransport of X+ (Na+ or H+ ) and K+ as can be described by the Albers-Post scheme 
(2,176,183). Both ATPases consist of an a- and a ß-subunit, which assemble with a 1:1 
stoichiometry to form a stable heterodimer. The catalytic a 1-subunits of Na+,K+-ATPase and 
H+,K+-ATPase share a high degree of identity (63%), in contrast to their heavily glycosylated 
ß 1-subunits, which are structurally similar but only 30% identical.
Assembly of the a- and ß-subunits is important for conformational stability of the functional 
holoenzyme (1,231). This formation of a complex between a- and ß-subunits is also essential 
for enzyme activity (96 ,113,156) and occurs before the subunits are transported from the 
endoplasmic reticulum to the plasma membrane (78). Lemas et al. (129) showed that the 
carboxyl-terminal 161 amino acids of the Na+,K+-ATPase a-subunit are sufficient for 
assembly with the ß-subunit. More recently, Colonna et al. (49) demonstrated that only four 
amino acids (SYGQ) in the extracellular loop between the predicted transmembrane helixes 7 
and 8 are crucial for a-ß subunit interactions. These four evolutionary conserved amino acids
898 928 + +are also present in the ß-subunit-binding region Arg -Thr of the H ,K -ATPase a-subunit 
(142). In addition, Wang et al. (244) revealed that the Na+,K+-ATPase a-subunit containing
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Gln905-Val930 of the gastric H+,K+-ATPase a-subunit (including SYGQ) preferentially 
assembles with the H ,K -ATPase ß-subunit. Many investigators have maintained that the 
extracellular domain as well as the cytoplasmic and transmembrane domains of the ß-subunit 
are important for assembly with the a-subunit (24,25,65,80,87,101,110,142,157,232).
Eventually the enzymes are transported either to the plasma membrane (Na+,K+-ATPase) or to 
the tubulovesicles (H+,K+-ATPase). Elegant studies by Caplan and coworkers (43,63) have 
localised the sorting signal of Na+,K+-ATPase and H+,K+-ATPase to a sequence of eight 
amino acids present in the fourth predicted transmembrane domain of the a-subunit protein. 
In the cytoplasmic tail of the H+,K+-ATPase ß-subunit a functional endocytosis signal was 
found. The presence of this motif accounts for the returning of the pump from the apical cell 
membrane to its intracellular storage compartment resulting in inactivation of acid secretion 
(51).
Studies of the hybrid ATPase consisting of the Na+,K+-ATPase a-subunit and the H+,K+- 
ATPase ß-subunit have sought to analyse the function of the ß-subunit. This hybrid ATPase 
binds ouabain and transports cations across the membrane (66,95). The extracellular region of 
the H+,K+-ATPase ß-subunit is probably responsible for the slightly higher apparent Na+- 
affinity and the lower apparent K+-affinity of this hybrid compared with the Na+,K+-ATPase 
(65,67). In recent years, it has been demonstrated that the predicted transmembrane segments 4, 
5, and 6 are involved in cation occlusion (148,220). The ß-subunits of both enzymes probably 
participate in stabilizing this occluded cation intermediate (44,135). The question arises as to 
whether the complementary hybrid, consisting of the catalytic subunit of the H+,K+-ATPase 
and the ß-subunit of the Na+,K+-ATPase, also possesses catalytic activity. We therefore 
measured both the Na+,K+-ATPase activity and the H+,K+-ATPase activity for both hybrid 
ATPases. Furthermore, this study examines the possible role of ß-subunits in the apparent K+- 
affinity of both K+-dependent ATPases.
Experimental Procedures
Expression Constructs - The rat gastric H+,K+-ATPase a-subunit cDNA (113) was digested with 
BglII and ligated into the BamHI site o f  the pFastbacdual vector (HKa) (Life Technologies, Breda, 
The Netherlands). The ß-subunit cDNA o f the rat gastric H+,K+-ATPase (113) was digested with BamHI 
and ligated into the BbsI site o f  the pFastbacdual vector containing the H+,K+-ATPase a-subunit 
(HKaß). The rat Na+,K+-ATPase a 1-subunit cDNA (213) HindIII fragment was ligated into the HindIII 
site o f  the pFastbacdual vector (NaKa, with a shortened multiple cloning site through a BamHI-XbaI 
deletion) or into the pFastbacdual vector (also with BamHI-XbaI deletion) containing the H+,K+- 
ATPase ß-subunit (NaKaHKß). The sheep Na+,K+-ATPase ß 1 -subunit cDNA (211) was digested with 
SmaI and SpeI and ligated into the SmaI and NheI site o f  the pFastbacdual vector containing the 
Na+,K+-ATPase ai-subunit (NaKaß) or into the XhoI and NheI site o f  the pFastbacdual vector 
containing the H+,K+-ATPase a-subunit (HKaNaKß). All a-subunits were cloned downstream o f  the 
polyhedrin promoter, and all ß-subunits downstream o f the p10 promoter. As mock, the baculovirus 
DZ1, only expressing ß-galactosidase, was used (113).
Production of Recombinant Viruses - Competent DH10bac Escherichia coli cells (Life 
Technologies, Breda, The Netherlands) harboring the baculovirus genome (bacmid) and a 
transposition helper vector, were transformed with the pFastbacdual transfer vector containing 
different cDNAs. Upon transition between the Tn7 sites in the transfer vector and the bacmid,
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recombinant bacmids were selected and isolated (132). Subsequently, insect Sf9 cells were transfected 
with recombinant bacmids using Cellfectin reagent (Life Technologies). After 3 days, the recombinant 
baculoviruses were harvested and used to infect Sf9 cells at a multiplicity o f  infection o f  0.1. Four 
days after infection, the amplified viruses were harvested.
Preparation of Membranes - Sf9 cells were grown at 27 °C in 100-ml spinner flask cultures (113). 
For production o f  the ATPases subunits 1.0-1.5 x 106 cells ml-1 were infected at a multiplicity o f  
infection o f  1-3 in Xpress medium (BioWittaker, Walkersville, MD) containing 1% ethanol (112) and 
incubated for 3 days. The Sf9 cells were harvested by centrifugation at 2,000 g for 5 min, and 
resuspended at 0 °C in 0.25 M sucrose, 2 mM EDTA, and 25 mM Hepes/Tris (pH 7.0). The 
membranes were sonicated twice for 30 s at 60 W  (Branson Power Co., Danbury, CT), after which the 
disrupted cells were centrifugated at 10,000 g for 30 min. The supernatant was recentrifugated at 
100,000 g for 60 min and the pelleted membranes were resuspended in the above mentioned buffer 
and stored at -2 0  °C. Native H+,K+-ATPase and Na+,K+-ATPase were isolated from the rat gastric 
mucosa and the sheep kidney outer medulla, respectively (225). These tissues were homogenized and 
centrifuged at 10,000 g for 20 min at 4 °C. The supernatant was recentrifuged at 100,000 g for 30 min. 
The pelleted membranes were resuspended in the above-mentioned buffer and stored at -2 0  °C. 
Protein Determination - Protein was determined with the modified Lowry method described by 
Peterson (173) using bovine serum albumin as a standard.
Western Blotting - Protein samples from the membrane fraction were solubilized in SDS-PAGE 
sample buffer and separated on SDS gels containing 10% acrylamide according to Laemmli (125). For 
immunoblotting, the separated proteins were transferred to Immobilon polyvinylidenedifluoride 
membranes (Millipore Co., Bedford, MA). The a - and ß-subunits o f  the gastric H+,K+-ATPase were 
detected with the polyclonal antibody HKB (85) and the monoclonal antibody 2G 11 (45), respectively. 
The a 1- and ß-subunits o f  Na+,K+-ATPase were detected with the polyclonal antibody L25 (154) and 
the monoclonal antibody M17-P5-F11 (219), respectively. The primary antibodies were detected using 
anti-mouse and anti-rabbit secondary antibodies, which were labeled with peroxidase (DAKO A/S, 
Denmark).
Immunoprecipitation - Immunoprecipitation was performed essentially as described (111). Either 10 
^g o f monoclonal antibody 1F11 directed to the H ^K -ATPase a-subunit (55) or 10 ^l o f  the 
polyclonal serum L25 directed to the Na+,K+-ATPase a-subunit (154) was added to 20 |il o f  protein A 
immobilized on agarose (50% w/v, KemEnTec, Copenhagen, Denmark) and resuspended in 500 ^l 10 
mM Tris-HCl (pH 8.0), 500 mM NaCl, and 0.05% Nonidet P-40 (Fluka, Bornem, Belgium). This 
mixture was incubated for 1 h at 4 °C with constant agitation, after which the protein A immobilized 
on agarose was washed twice in the above mentioned buffer and once in 10 mM Tris-HCl (pH 8.0), 
150 mM NaCl, and 0.05% Nonidet P-40. Crude membrane proteins (~700 ^g) were solubilized in 500 
^l o f  buffer containing 1% (w/v) octaethyleneglycol monododecylether (C12E8, Sigma), 10 mM Tris- 
HCl (pH 8.0), and 150 mM NaCl for 1 h at 4 °C. Following centrifugation at 10,000 x g for 5 min, the 
supernatant was incubated with the antibodies bound to the protein A immobilized on agarose for 1 h 
at 4 °C. The immunoprecipitates were collected by centrifugation for a few seconds at 10,000 g, 
washed 3 times in 10 mM Tris-HCl (pH 8.0), 150 mM NaCl and solubilized in SDS-PAGE sample 
buffer. After SDS-PAGE the ATPases subunits in the precipitates were identified by immunoblotting, 
using the biotin-labeled antibodies L25 (154), M17-P5-F11 (219), and 2G11 (45). The antibody HK9 was 
used for detection o f  the H+,K+-ATPase a-subunit (84). The primary antibodies labeled with biotin were 
detected using streptavidin labeled with peroxidase (Jackson Immuno Research, West Grove, PA), 
while HK9 was detected with anti-rabbit secondary antibody, which was also labeled with peroxidase 
(DAKO A/S, Denmark).
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ATPase Activity Assay - The ATPase activity was determined with a radiochemical method (224). 
For this purpose 0.6-7 ^g Sf9 membranes were added to 100 ^l o f  medium, which contained 1 mM 
MgCl2, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM NaN3, and 25 mM Tris-HCl (pH 7.0). For 
determination o f  Na+,K+-ATPase activity, 100 ^M [y-32P]ATP (specific activity 100-500 mCi mmol-1), 
100 mM NaCl, and 0.01 mM ouabain (in order to inhibit endogenous Na+,K+-ATPase from Sf9 cells) 
were present. The specific activity is presented as the difference in activity with and without 10 mM 
KCl. In the incubation medium used for the measurements o f  the K+ activation curve only 10 mM 
NaCl was present. For determination o f  H+,K+-ATPase activity, 10 ^M [y-32P]ATP, 1 mM KCl, and
0.1 mM ouabain were present. The specific activity is presented as the difference in activity with and 
without 0.1 mM SCH 28080. After incubation at 37 °C the reaction was stopped by adding 500 ^l 
10% (w/v) charcoal in 6% (w/v) trichloroacetic acid and after incubation at 0 °C the mixture was 
centrifuged for 30 s (10,000 g). To 200 ^l o f  the clear supernatant, containing the liberated inorganic 
phosphate (32Pi), 4 ml o f  OptiFluor (Canberra Packard, Tilburg, The Netherlands) was added and the 
mixture was analyzed by liquid scintillation analysis. Blanks were prepared by incubating in the 
absence o f  enzyme.
ATP Phosphorylation Capacity - ATP phosphorylation was determined as described (112). Sf9 
membranes (6-70 ^g) were incubated at 0 °C in 25 mM Tris acetic acid (pH 6.0), 1 mM MgCl2 in a 
volume o f  50 ^l. For phosphorylation o f  Na+,K+-ATPase, 100 mM NaCl was added to the incubation 
buffer. This phosphorylation is presented as the difference with and without 10 mM KCl. 
Phosphorylation o f  H+,K+-ATPase is presented as the difference with and without 0.1 mM SCH 
28080. After 30-60 min preincubation 10 ^l o f  0.6 ^M [y-32P]ATP was added and incubated for 10 s at 
0°C. The reaction was stopped by adding 5% trichloroacetic acid in 0.1 M phosphoric acid and the 
phosphorylated protein was collected by filtration over a 0.8-|im membrane filter (Schleicher and 
Schuell, Dassel, Germany). After repeated washing the filters were analyzed by liquid scintillation 
analysis. Phosphorylation at different ATP concentrations was performed at 21°C and for Na+,K+- 
ATPase in the presence o f  20 ^g/ml oligomycin (a mixture o f  A, B, and C; Sigma).
Calculations - The K05 value is defined as the concentration o f  effector (K+) giving the half- 
maximal activation and the IC50 as the value giving 50% inhibition o f  the maximal activation. Data are 
presented as mean values with standard error o f  the mean. Differences were tested for significance by 
means o f  the Student's t test.
Materials - The cDNA clones o f  the H ^K -ATPase a - and ß-subunits and the rat and sheep cDNA  
clones o f  the Na+,K+-ATPase a r  and ßi-subunits were provided by Drs. G.E. Shull and J.B. Lingrel, 
respectively. Cellfectin, competent DH10bac E. coli cells, and all enzymes used for DNA cloning 
were purchased from Life Technologies Inc. [y-32P]ATP (3000 Ci mmol-1) was purchased from 
Amersham (Buckinghamshire, United Kingdom). SCH 28080, kindly provided by Dr. A. Barnett, 
Schering-Plow, Kenilworth, NJ, was dissolved in ethanol and diluted to its final concentration o f  0.1 
mM in 0.2% ethanol. The antibodies 2G11 and M17-P5-F11 were gifts o f  Drs. J. Forte (Berkeley) and 
W.J. Ball Jr. (Cincinnati), respectively. Dr. J.V. Moller (Aarhus, Denmark) provided antibody L25 and 
Dr. M. Caplan (Yale) antibodies HKB and HK9.
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Results
Recombinant baculoviruses expressing Na+,K+-ATPase, H+,K+-ATPase, their a-subunits, and 
their hybrids were produced and Sf9 cells were infected. The membrane fractions of these Sf9 
cells expressing the recombinant proteins were isolated and Western blot analysis revealed 
comparable expression patterns (Figure 2.1). Both Na+,K+-ATPase and H+,K+-ATPase a- 
subunits detected with the antibodies L25 (154) and HKB (85), respectively, had an apparent 
molecular mass of about 100 kDa. The antibody M17-P5-F11 (219) visualized both a 
carbohydrate-free and a core-glycosylated form of the Na+,K+-ATPase ß-subunit. The 
monoclonal antibody 2G11 (45) also recognized a carbohydrate-free and a core-glycosylated 
form of the H+,K+-ATPase ß-subunit. This carbohydrate-free form was of a similar molecular 
mass as the carbohydrate-free Na+,K+-ATPase ß-subunit, but the core-glycosylated Na+,K+- 
ATPase ß-subunit had a lower apparent molecular mass, due to the presence of three 
glycosylation sites in this subunit in contrast to the six glycosylation sites present in the 
H+,K+-ATPase ß-subunit.
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Figure 2.1 Western blot of Na+,K+-ATPase, H+,K+-ATPase, and their hybrids. Membranes (~10 
|j.g) isolated from infected Sf9 cells were blotted and the presence of Na+,K+-ATPase a- and ß- 
subunits was detected with antibodies L25 and M17-P5-F11, respectively. The a- and ß- 
subunits of H+,K+-ATPase were detected with antibodies HKB and 2G11, respectively. The 
subunits to which the different primary antibodies were directed are indicated on the left and the 
molecular weights are indicated on the right.
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Interaction between the a- and ß-subunits in both Na+,K+-ATPase and H+,K+-ATPase is 
essential for a functionally active enzyme. To examine the interaction between a- and ß- 
subunits in hybrid ATPases an immunoprecipitation assay was performed. The a-subunits of 
Na+,K+-ATPase and H+,K+-ATPase were immunoprecipitated with the antibodies L25 (154) 
and 1F11 (55), respectively. In control experiments both the Na+,K+-ATPase isolated from 
sheep kidney and recombinant Na+,K+-ATPase were precipitated with antibody L25. 
Similarly, rat gastric H+,K+-ATPase and recombinant H+,K+-ATPase were precipitated by 
antibody 1F11. With the native enzymes only glycosylated ß-subunits were precipitated, with 
apparent molecular masses significantly higher than those of their recombinant counterparts. 
This is due to the absence of complex glycosylation in Sf9 cells. When the same method was 
used for the hybrid ATPases, both ß-subunits were also coprecipitated with the other a- 
subunit (Figure 2.2). This indicates that there is not only an interaction between the a- and ß-
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Figure 2.2 Western blot of immunoprecipitated a- and ß-subunits. The a-subunits of Na+,K+- 
ATPase and H+,K+-ATPase were bound to antibodies L25 and 1F11, respectively, which 
complexes were immunoprecipitated with protein A immobilized on agarose. After SDS-PAGE 
and Western blotting, the a-subunits were stained with L25 and HK9. The presence of the 
possibly coprecipitated Na+,K+-ATPase and H+,K+-ATPase ß-subunits was detected with M17- 
P5-F11 and 2G11, respectively. NaKaß kidney and HKaß stomach  were the isolated enzymes 
from the kidney and the gastric mucosa, respectively.
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subunits of Na+,K+-ATPase and H+,K+-ATPase, but also between the a- and ß-subunits of the 
two hybrid ATPases. Although quantification in these experiments is rather difficult, there 
seemed to be less coprecipitated ß-subunits in the hybrid ATPases than in the wild-type 
ATPases (NaKaß, HKaß).
When HKaNaKß was present during the immunoprecipitation with antibody L25 (directed 
against the a-subunit of Na+,K+-ATPase), the ß-subunit of Na+,K+-ATPase was unexpectedly 
precipitated. Also when the H+,K+-ATPase a-subunit was absent the Na+,K+-ATPase ß- 
subunit was precipitated (data not shown). In the absence of antibody L25 the Na+,K+-ATPase 
ß-subunit was not precipitated. These findings suggest that the expressed Na+,K+-ATPase ß- 
subunit assembles with the endogenous Na+,K+-ATPase a-subunit. Antibody L25 apparently 
recognizes this endogenous a-subunit during immunoprecipitation, but not on a Western blot. 
The absence of unglycosylated ß-subunit indicates that the assembly with the endogenous a- 
subunit only occurred during the early stage of infection, when the glycosylation machinery is 
still functional.
Na+,K+-ATPase activity was measured in the presence of 100 ATP and optimal 
concentrations of Na+ (100 mM) and K+ (10 mM). Because of the endogenous Na+,K+- 
ATPase activity (50-100 nmol Pi mg-1protein h-1) present in the Sf9 membrane preparations, 
we determined the ouabain sensitivity for the endogenously present Na+,K+-ATPase in mock 
infected cells. The endogenous Na+,K+-ATPase activity was completely inhibited at 10-5 M 
ouabain, while the recombinant activity was hardly inhibited at this concentration. These 
findings are in line with those of Lui and Guidotti (131). Using 10-5 M ouabain in the assay, we 
measured the recombinant ATPase activity as the difference between the activity with and 
without 10 mM K+ (Figure 2.3A). The activity of NaKaHKß was 12 ± 4% (n = 3) of the 
activity of NaKaß. NaKa and mock infected cells did not show Na+,K+-ATPase activity in 
the presence of 10-5 M ouabain.
In order to measure K+-stimulated H+,K+-ATPase activity we used a suboptimal (10 |iM) ATP 
concentration since at higher ATP concentrations the endogenous activity increases relatively 
more than the H+,K+-ATPase activity. The K+ concentration (1 mM) used was optimal for 
H+,K+-ATPase activity under these conditions (90). The hybrid HKaNaKß showed an SCH 
28080-sensitive ATPase activity, which was 7 ± 1% (n = 3) of the HKaß activity (Figure 
2.3B). HKa and mock did not show any SCH 28080-sensitive ATPase activity. In conclusion, 
these hybrids possess only a fraction of the ATPase activity of Na+,K+-ATPase or H+,K+- 
ATPase when measured under similar conditions.
To determine if this low ATPase activity of the hybrid ATPases could be due to changed ATP 
affinities, we measured the ATPase activity at different ATP concentrations (0.03-1 mM). 
The results are given in a Woolf-Augustinsson-Hofstee plot (Figure 2.4). The intercept with 
the y axis is equal to the maximal ATPase activity at infinite ATP concentrations. The 
maximal NaKaß ATPase activity was 1.8 ± 0.6 |imol Pi mg-1 protein h-1, whereas the activity 
for NaKaHKß was 0.21 ± 0.03 |imol Pi mg-1 protein h-1 (which was 12 ± 4% of that of 
NaKaß, n = 3). The maximal HKaß ATPase activity was 1.4 ± 0.1 |imol Pi mg-1 protein h-
1, whereas the activity for HKaNaKß was 0.12 ± 0.02 |imol Pi mg-1 protein h-1 (which was 9 
± 2% of that of HKaß, n = 3). The slope of this graph represents the apparent ATP affinity.
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The apparent ATP affinities for NaKaß (197 ± 27 |iM, n = 3) and NaKaHKß (206 ± 5 |iM, n 
= 3) are similar. Also the apparent ATP affinities for HKaß (17 ± 0.7 |iM, n = 3) and 
HKaNaKß (13 ± 1.3 |iM, n = 3) are not significantly different. This indicates that the lower 
ATPase activity of the hybrids is not due to a change in ATP affinity.
Both Na+,K+-ATPase and H+,K+-ATPase occlude K+ and transport this ion across the plasma 
membrane. We compared the K+ dependence of the overall ATPase activity of Na+,K+- 
ATPase, H+,K+-ATPase, and their hybrids. All ATPases showed a biphasic activation curve, 
in which the maximal ATPase activity was set at 100% (Figure 2.5). The increasing part of 
this curve is due to K+ activation of the dephosphorylation step. The decreasing part is due to 
the competition of K+ with H+ or Na+ at the cytoplasmic activation sites. This directs the
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Figure 2.3 ATPase activity in Sf9 membranes infected with recombinant baculoviruses. 
Membranes obtained from Sf9 cells, expressing Na+,K+-ATPase, H+,K+-ATPase, and their 
hybrids, were isolated and incubated at 37 °C and pH 7.0 with 10 ^M ATP and 1 mM KCl for 
H+,K+-ATPase activity, while Na+,K+-ATPase activity was determined in the presence of 100 ^M 
ATP, 100 mM NaCl, and 10 mM KCl. The Na+,K+-ATPase activity (A) and the H+,K+-ATPase 
activity (B) were measured as described under “Experimental Procedures”. The values 
presented are the mean ± SE of three experiments. *, Significantly different from the mock and 
a-subunit ATPase activity (p < 0.05).
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enzyme from the Ei toward the E2 conformation, which cannot be overcome by the low ATP 
concentration used. The K05 for K+ of NaKaß was 0.5 ± 0.2 mM and the IC50 was 50 ± 9 mM 
(Figure 2.5A). The curve of the hybrid NaKaHKß was shifted to the right compared with the 
curve of NaKaß. The K05 and the IC50 values of this hybrid were slightly increased to 0.7 ± 
0.3 mM (K05) and 103 ± 24 mM (IC50), respectively, when compared with NaKaß. In 
contrast, the K+ activation curve of HKaNaKß was shifted to the left compared with the curve 
of HKaß (Figure 2.5B). Moreover, the K05 for HKaß (0.07 ± 0.01 mM) was decreased for 
the hybrid HKaNaKß (0.02 ± 0.004 mM) and also the IC50 was decreased from 10 ± 0.2 to
3.5 ± 0.7 mM. These shifts in K05 and IC50 values were significant (p<0.05, n = 3). Thus 
NaKaHKß had a slightly decreased K-affinity compared to NaKaß, while the opposite 
hybrid HKaNaKß had an increased K+-affinity compared to HKaß. These findings indicate 
that the ß-subunits of both Na+,K+-ATPase and H+,K+-ATPase influence the K+ sensitivity of 
these enzymes.
v/ATP v/ATP
Figure 2.4 Woolf-Augustinsson-Hofstee plot of the ATPase activity versus the ATP 
concentration. Membranes obtained from Sf9 cells, expressing Na+,K+-ATPase (A; □), 
NaKaHKß (B; □), H+,K+-ATPase (A; • ) ,  or HKaNaKß (B; • ) ,  were isolated and incubated at 37 
°C and pH 7.0 with 1 mM KCl for H+,K+-ATPase activity, while Na+,K+-ATPase activity was 
determined in the presence of 100 mM NaCl and 10 mM KCl. The ATPase activity was 
measured as described under “Experimental Procedures” using varying concentrations of ATP 
(0.03-1 mM). The activities obtained with NaKaß and NaKaHKß were measured as the 
difference in activity in the presence of 0.01 and 1 mM ouabain.
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The formation of an acid-stable phosphorylated intermediate during the catalytic cycle is a 
characteristic property of the P-type ATPases. Phosphorylation of Na+,K+-ATPase was 
measured with Na+ present in the preincubation in order to shift the equilibrium of the enzyme
K+ (mM)
K+ (mM)
Figure 2.5 Effects of K+ on the ATPase activity in Sf9 membranes infected with recombinant 
baculoviruses. Membranes obtained from Sf9 cells, expressing Na+,K+-ATPase (■), NaKaHKß 
(□), H+,K+-ATPase ( • ) ,  or HKaNaKß (O) were isolated and incubated at 37 °C and pH 7.0 with 
10 ^M ATP for H+,K+-ATPase activity, while Na+,K+-ATPase activity was determined in the 
presence of 100 ^M ATP and 10 mM NaCl. The K+ activated ATPase activity was measured as 
described under “Experimental Procedures” using varying concentrations of K+. The specific
+ + 5Na ,K -ATPase activity is presented as the activity in the presence of 10- M ouabain, minus the 
ATPase activity of mock infected membranes (A). The specific H+,K+-ATPase activity is 
presented as the difference in activity between with and without SCH 28080 (B). The maximal 
ATPase activity for each preparation was set at 100% and the values presented are the mean ± 
SE of three experiments. The K05 as well as the IC50 values were significantly different between 
HKaß and HKaNaKß (p < 0.05).
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Figure 2.6 ATP-phosphorylation level in Sf9 membrane preparations infected with recombinant 
baculovirus. Membranes obtained from Sf9 cells, expressing Na+,K+-ATPase, H+,K+-ATPase, 
and their hybrids, were isolated and incubated for 10 s at 0 °C and pH 6.0 in the presence of 0.1 
^M ATP for H+,K+-ATPase, while for Na+,K+-ATPase also 100 mM NaCl was present. The 
Na+,K+-ATPase phosphorylation level (A) and the H+,K+-ATPase phosphorylation level (B) were 
measured as described under “Experimental Procedures”. The values presented are the mean 
± SE of three experiments. *, Significantly different from the mock and a-subunit 
phosphorylation levels (p < 0.05).
forms towards N aE^ NaKaHKß was phosphorylated for 28 ± 11% compared with NaKaß (n 
= 3, Figure 2.6A). Unlike phosphorylation of NaKaHKß, phosphorylation of HKaNaKß was 
not visible, whereas HKaß was normally phosphorylated (Figure 2.6B). Changing the 
temperature to 21 °C (220), longer incubation periods, inhibition with K+ instead of SCH 
28080, higher ATP concentrations, or addition of triallylamine (223) still did not result in any 
measurable amount of phosphorylated intermediate.
To determine the maximal phosphorylation level we measured the phosphorylation level at 
different ATP concentrations (0.006-0.2 |iM) at 21 °C. The data are plotted as the 
phosphorylation level versus the ATP concentration (Figure 2.7A) and the same data are also
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Figure 2.7 ATP dependend phosphorylation level. Membranes obtained from Sf9 cells, 
expressing Na+,K+-ATPase (■), NaKaHKß (□), or H+,K+-ATPase ( • )  were isolated and 
incubated for 10 s  at 21 °C and pH 6.0 for H+,K+-ATPase, while for Na+,K+-ATPase 100 mM 
NaCl was present. The phosphorylation level was measured as described under “Experimental 
Procedures” varying the concentrations of ATP (0.006-0.2 jM). The phosphorylation levels 
obtained with NaKaß and NaKaHKß were corrected for that of NaKa. A, phosphorylation level 
as a function of the ATP concentration. B, data from A represented as a Woolf-Augustinsson- 
Hofstee plot.
visualized in a Woolf-Augustinsson-Hofstee plot (Figure 7B). In the last plot the apparent 
ATP affinity and the maximal phosphorylation level can be determined more easily. The ATP 
affinity is equal to the slope of the graph, while the intercept with the y axis is equal to the 
maximal phosphorylation level. For this interpretation it must be assumed that the distribution 
of EP forms does not change over the range of concentrations of ATP used.
For HKaß a maximal phosphorylation level of 6.3 ± 0.9 pmol EP mg-1 protein with an 
apparent ATP affinity of 23 ± 3 nM (n = 3) was measured. In the reaction mixture where the 
N a,K -A TPase a-subunit was present oligomycin was included, which increased the 
phosphorylation level by about 30%. The apparent ATP affinities for NaKaß (12 ± 2 nM, n = 
3) and NaKaHKß (12 ± 1 nM, n = 3) are similar. However, the maximal phosphorylation 
level for NaKaß was 3.3 ± 1.0 pmol EP mg-1 protein, whereas the maximal phosphorylation 
level for NaKaHKß was 0.71 ± 0.10 pmol EP mg-1 protein (which was 21 ± 7% of that of 
NaKaß, n = 3). These values, together with the maximal ATPase activity (determined at 
infinite ATP concentrations) give turnover numbers for NaKaß and NaKaHKß of 8800 ± 
310 min-1 and 4800 ± 160 min-1, respectively. These data are not corrected for the suboptimal
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K+ concentration for the hybrid ATPase in the ATPase reaction, which probably will increase 
the turnover number by about 15%.
Discussion
The ß-subunits of Na+,K+-ATPase and H+,K+-ATPase are involved in correct folding (78) of 
the a-subunits. In addition the ß-subunit of H ,K -ATPase plays a role in endocytosis of the 
enzyme (43). Most probably, both ß-subunits are also involved in the modulation of the 
enzyme activity: Na+ and K+ affinities of the Na+,K+-ATPase were changed when the Na+,K+- 
ATPase ß-subunit was replaced by the H+,K+-ATPase ß-subunit (65,67). In the present study we 
demonstrate that the hybrid consisting of the H+,K+-ATPase a-subunit and the Na+,K+- 
ATPase ß1-subunit has a low ATPase activity with a high apparent K+-affinity and probably a 
high turnover number as compared with H+,K+-ATPase.
Recombinant Na+,K+-ATPase, H+,K+-ATPase and their hybrids were produced with the 
baculovirus expression system. The molecular mass of all a-subunits expressed was similar to 
that of the isolated a-subunits. However, the recombinant ß-subunits were less glycosylated 
than the isolated ß-subunits, as has been reported before (56,113). Expression levels of the 
subunits of each hybrid ATPase were comparable to those of Na+,K+-ATPase and H+,K+- 
ATPase, respectively.
Assembly of a- and ß-subunits is a crucial step in the formation of active X+,K+-ATPases 
(96,113,156). The minimal ß-subunit-binding site (49) in the a-subunits of Na+,K+-ATPase and 
H+,K+-ATPase are identical and therefore an interaction between the a- and ß-subunits of the 
different ATPases seems likely. Both ß-subunits are only 30% identical, but have a high 
structural similarity. In the hybrid ATPase NaKaHKß the subunits cross-assembled in a co- 
immunoprecipitation experiment. Others also observed an interaction between the Na+,K+- 
ATPase a-subunit and the H+,K+-ATPase ß-subunit (66,95,155). a  possible interaction between 
the H+,K+-ATPase a-subunit and the Na+,K+-ATPase ß-subunit has not been demonstrated so 
far. When in our experiments the a-subunit of the hybrid ATPase HKaNaKß was precipitated 
by anti-Na+,K+-ATPase antibodies, the ß-subunit of Na+,K+-ATPase coprecipitated. However, 
for both hybrid ATPases there seemed to be less coprecipitated ß-subunits compared with the 
wild-type enzymes, indicating a less efficient assembly between the different subunits of the 
hybrid ATPases. This could be due to the 70% difference in amino acid composition or to the 
difference in glycosylation between the two ß-subunits.
Na+,K+-ATPase and H+,K+-ATPase need hydrolysis of ATP to transport cations across the 
membrane. Accordingly, functional hybrid ATPases should also have ATPase activity. We 
determined that the hybrid ATPase NaKaHKß possessed a low ATPase activity which was 
about 12% of the activity of recombinant Na+,K+-ATPase. Hybrid ATPase activity has not 
been measured so far, although in yeast expressing the Na+,K+-ATPase a 1-subunit and the 
H+,K+-ATPase ß-subunit ouabain binding was observed (66). ATPase activity has been 
measured in membranes isolated from yeast expressing the Na+,K+-ATPase a 1-subunit and a 
chimeric ß 1-subunit (67). In oocytes expressing NaKaHKß a small Na+,K+-pump current and 
Rb+ uptake has been detected (95), although this could not be confirmed by Ueno et al. (233), 
which might be due to the very low activity of this hybrid ATPase. None of these assays were
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performed for the hybrid ATPase HKaNaKß. When we measured the SCH 28080-sensitive 
ATPase activity, this hybrid exhibited also a low ATPase activity, which was only 9% of the 
activity of recombinant H+,K+-ATPase. Both hybrid ATPases have ATP hydrolysing activity, 
although this activity is much lower than that of Na+,K+-ATPase and H+,K+-ATPase. The 
ATP affinities of the hybrids are similar to those of the wild-type ATPases. So, the lower 
ATPase activity of hybrid ATPases might result from a decreased amount of functional 
hybrid ATPase molecules.
X+,K+-ATPases need K+ occlusion before they can dephosphorylate (220) and probably the ß- 
subunit is involved in this K+ occlusion (44,135). When the Na+,K+-ATPase ß-subunit was 
replaced by the H+,K+-ATPase ß-subunit the K+-affinity in the ATPase reaction decreased 
similarly as has been reported in ouabain binding experiments by Eakle et al. (65). However, 
the K+-affinity of the complementary hybrid ATPase HKaNaKß was increased as compared 
with that of H+,K+-ATPase. Thus the apparent K+ affinities of Na+,K+-ATPase and H+,K+- 
ATPase are partly modulated through their ß-subunits. In summary, the ß-subunit of Na ,K - 
ATPase, as compared with the ß-subunit of H+,K+-ATPase, gives the enzyme a higher 
apparent K+-affinity.
When K+ ions are absent during incubation, the enzymes are presumably accumulated in the 
phosphorylated state. The hybrid ATPase NaKaHKß was phosphorylated to 21% of the 
Na+,K+-ATPase phosphorylation level, which is slightly higher than the percentage activity 
obtained in the ATPase reaction. This lower ATPase activity and phosphorylation level of the 
hybrid must mainly be caused by a less efficient subunit assembly. Surprisingly, with the 
hybrid HKaNaKß we were not able to measure any specific phosphorylation. Although no K+ 
is added to the reaction mixture it still contained about 5 |iM of K+ as determined by flame 
photometry. The decrease in K0.5 directs the enzyme from the E2-P into the E2 conformation, 
while the decrease in IC50 directs the enzyme from the E1 into the E2 conformation. Both 
these processes inhibit accumulation of the hybrid HKaNaKß in the E2-P conformation and 
drive the enzyme into the E2 conformation. It is unlikely, however, that the low amount of K+ 
present accounts for the total absence of any phosphorylated intermediate.
Another explanation for the absence of a phosphorylated intermediate in the hybrid 
HKaNaKß is an increased turnover number. The H+,K+-ATPase ß-subunit decreases the 
turnover number of the hybrid NaKaHKß as compared with that of NaKaß significantly. The 
assumption that the Na+,K+-ATPase ß-subunit increases the turnover number of the hybrid 
HKaNaKß, as compared to HKaß, seems likely. This higher turnover number would then be 
responsible for a lower phosphorylation level for HKaNaKß. If the increase in turnover 
number is of the same magnitude as the 1.8-fold decrease in the turnover number of the 
hybrid NaKaHKß as compared with NaKaß, then the maximal EP level of HKaNaKß is 0.3 
pmol mg-1 protein, which is below the detection limit.
The suggestion of a relationship between the K+-affinity and the turnover of the ATPases, 
which both are influenced by the ß-subunit, is tempting. The deocclusion step for Na+,K+- 
ATPase is the rate-limiting step, while for the H+,K+-ATPase the dephosphorylation step (this 
is the occlusion of K+) is rate-limiting. This rate-limiting step must be accelerated if the 
turnover number is raised. The hybrid HKaNaKß then not only has an increased K+-affinity
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but also a higher rate of K+ stimulated dephosphorylation as compared to HKaß. Thus, 
HKaNaKß occludes K+ faster and with a higher affinity than HKaß, which directly increases 
the turnover number. The opposite is true for the other hybrid NaKaHKß, although in this 
case the K+ occlusion becomes rate-limiting.
The findings reported here show that both Na+,K+-ATPase and H+,K+-ATPase require their 
own ß-subunits for optimal activity. Probably the subunit assembly in the hybrid ATPases is 
less efficient than in the wild-type ATPases. When the ß-subunits are exchanged, the enzyme 
activity decreases and the apparent K+-affinity of both hybrid ATPases is modified. The 
Na+,K+-ATPase ß-subunit gives the enzyme a higher K+-affinity and probably a higher 
turnover number than the H+,K+-ATPase ß-subunit.
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Chimeras of X+,K+-ATPases
The M1-M6 region of Na+,K+-ATPase is required for Na+-activated ATPase 
activity, whereas the M7-M10 region of H+,K+-ATPase is involved in K+ de­
occlusion
Jan B. Koenderink, Herman G.P. Swarts, H. Christiaan Stronks, Harm P.H. Hermsen, 
Peter H.G.M. Willems and Jan Joep H.H.M. De Pont
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Chimeras of X+,K+-ATPase
In this study we reveal regions of Na+,K+-ATPase and H+,K+-ATPase that are 
involved in cation selectivity. A chimeric enzyme in which transmembrane hairpin 
M5-M6 of H+,K+-ATPase was replaced by that of Na+,K+-ATPase was 
phosphorylated in the absence of Na+ and showed no K+-dependent reactions. 
Next, the part originating from Na+,K+-ATPase was gradually increased in the N- 
terminal direction. We demonstrate that chimera HN16, containing the 
transmembrane segments one to six and intermediate loops of Na+,K+-ATPase, 
harbors the amino acids responsible for Na+ specificity. Compared to Na+,K+- 
ATPase, this chimera displayed a similar apparent Na+-affinity, a lower apparent 
K+-affinity, a higher apparent ATP-affinity and a lower apparent vanadate- 
affinity in the ATPase reaction. This indicates that the E2K-form of this chimera is 
less stable than that of Na+,K+-ATPase, suggesting that it, like H ,K+-ATPase, de- 
occludes K+ ions very rapidly. Comparison of the structures of these chimeras with 
those of the parent enzymes suggests that the C-terminal 187 amino acids and the 
ß-subunit are involved in K+-occlusion. Accordingly, chimera HN16 is not only a 
chimeric enzyme in structure, but also in function. On one hand it possesses the 
Na+-stimulated ATPase reaction of Na+,K+-ATPase, while on the other hand it has 
the K+-occlusion properties of H+,K+-ATPase.
E n z y m e s  th a t b e lo n g  to  th e  f a m ily  o f  P - t y p e  A T P a s e s  c a n  fa c i l i t a t e  a c t iv e  tr a n s p o rt  o f  c a t io n s  
a c r o s s  th e  p la s m a  m e m b r a n e  (166). N a + ,K + - A T P a s e  a n d  g a s tr ic  H + ,K + -A T P a s e  a re  t w o  
p a r t ic u la r  m e m b e r s  o f  th is  f a m ily  s in c e  th e y  p o s s e s s  a  ß - s u b u n it  a n d  c o u p le  A T P  h y d r o ly s is  
to  c o u n te r -tra n s p o r t  o f  c a t io n s . T h e  la t te r  p r o c e s s  c a n  b e  d e s c r ib e d  b y  th e  A lb e r s - P o s t  s c h e m e  
(2,176). A lt h o u g h  N a + ,K + - A T P a s e  a n d  H + ,K + -A T P a s e  h a v e  m a n y  s tru c tu ra l a n d  fu n c t io n a l 
s im ila r it ie s , th e y  d i f fe r  in  c a t io n  s p e c if ic i t y .  B o t h  e n z y m e  a c t iv i t ie s  n e e d  K + , b u t  th e  N a+ ,K + - 
A T P a s e  a c t iv i t y  is  s t im u la te d  b y  N a+  a n d  th a t o f  H + ,K + -A T P a s e  b y  H+. A  m a jo r  d i f fe r e n c e  
b e t w e e n  th e  t w o  e n z y m e s  is  th a t th e  o c c lu s io n  o f  K +  c a n  e a s i ly  b e  m e a s u r e d  in  N a+ ,K + - 
A T P a s e  (21), w h e r e a s  in  H + ,K + -A T P a s e  o n e  n e e d s  v e r y  s p e c ia l  c o n d it io n s  to  m e a s u r e  th is  (184). 
T h is  d i f fe r e n c e  is  d u e  to  th e  m u c h  fa s te r  r a te  o f  th e  E 2K ^ E 1K  c o n v e r s io n  in  th e  la tte r  
e n z y m e  (69). It h a s  b e e n  s h o w n  th a t fo u r  n e g a t iv e ly  c h a r g e d  r e s id u e s  p r e s e n t  in  th e  
tr a n s m e m b r a n e  s e g m e n ts  4 , 5 , a n d  6 p la y  a  r o le  in  c a t io n - a c t iv a t e d  r e a c t io n s  o f  b o th  A T P a s e s  
(12,90,117,122,163,178,222). W it h  e x c e p t io n  o f  a  s in g le  r e s id u e  in  M 6  ( A s p 804 in  N a + ,K + -A T P a s e ;
G lu 820 in  H + ,K + -A T P a s e )  th e s e  a m in o  a c id  r e s id u e s  a re  s im ila r  in  b o th  A T P a s e s .  T h e ir
2+ 2+ 
a n a lo g o u s  r e s id u e s  in  S E R C A 1a  C a  - A T P a s e  a ls o  p la y  a  r o le  in  C a  b in d in g  a s  r e v e a le d  b y
th e  r e c e n t ly  p u b lis h e d  c r y s ta l s tru c tu re  (230).
T h e  c a t a ly t ic  a 1-s u b u n it  o f  N a + ,K + - A T P a s e  a n d  th a t  o f  g a s tr ic  H + ,K + -A T P a s e  sh a re  a  h ig h  
d e g r e e  o f  id e n t ity  ( 63 % )  in  c o n tr a s t  to  th e ir  h e a v i ly  g ly c o s y la t e d  ß 1-s u b u n its , w h ic h  a re  o n ly  
3 0 %  id e n tic a l. A s s e m b ly  o f  th e  a -  a n d  ß - s u b u n its  is  e s s e n tia l f o r  e n z y m e  a c t iv i t y  (116) a n d  
o c c u r s  b e fo r e  th e  s u b u n its  a re  tr a n s p o rte d  fr o m  th e  e n d o p la s m ic  r e t ic u lu m  to  th e  p la s m a  
m e m b r a n e  (78). A lt h o u g h  th e  a - s u b u n its  c a n  fo r m  fu n c t io n a l  c o m p le x e s  w it h  b o th  ß -s u b u n its , 
th e y  h a v e  a  p r e fe r e n c e  fo r  th e ir  o w n  ß - s u b u n it  (116). T h is  p r e fe r e n c e  is  p r o b a b ly  d e te r m in e d  b y
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the C-terminal half of the extracellular loop between transmembrane segments seven and 
eight of the a-subunit where the aß-interaction occurs (142,244).
The similarity between the catalytic subunits of Na+,K+-ATPase and H+,K+-ATPase made it 
possible to prepare chimeras and to test their catalytic properties. Because of the postulated 
role of the M5-M6 hairpin in cation binding we first prepared a chimeric enzyme from gastric 
H+,K+-ATPase in which only this hairpin was replaced by that of Na+,K+-ATPase. ATP could 
phosphorylate this chimeric enzyme, but no K+-stimulated ATPase activity could be measured 
(115). Moreover, Na+ ions did not stimulate the phosphorylation reaction. We next prepared 
chimeras in which the part originating from Na+,K+-ATPase was gradually increased into the 
N-terminal direction. In all these chimeras the C-terminal part, including the last four 
transmembrane segments and the ß-subunit originated from the gastric H+,K+-ATPase. In this 
study we show that only chimeras that contain all six N-terminal transmembrane domains and 
their intervening loops display Na+-activation of the ATPase activity and the ATP- 
phosphorylation reaction. Furthermore, we provide evidence for a role of the C-terminal 
region in K+ de-occlusion.
Experimental Procedures
Expression Constructs - The rat gastric H+,K+-ATPase a - and ß-subunits and the rat Na+,K+- 
ATPase a r  and ßi-subunits were cloned into the pFastbacdual vector (Life Technologies, Breda, The 
Netherlands) as described previously (116). We used the Altered Sites II in vitro mutagenesis system 
(Promega, Madison, WI) to introduce silent mutations in order to generate MunI, DraI, PvuI, NheI, 
VspI, and SstII restriction sites in the cDNA o f  the H ^K -ATPase and N a ,K -A T P ase a-subunits. 
These restriction sites were chosen in the intracellular domain close to putative transmembrane 
helices. A NarI restriction site was already present in both a-subunits. Thereafter, the VspI-SstII 
fragment, the NarI-SstII fragment, the NheI-SstII fragment, the PvuI-SstII fragment, the DraI-SstII 
fragment, the MunI-SstII fragment, and the N  terminus until SstII were replaced by the similar 
fragments o f  N a ,K -A T P ase, resulting in the chimeras HN56, HNn6, HN46, HN36, HN26, HN16, 
and H NN6, respectively (Figure 3.1). The sequence o f  all mutants was verified.
Production of Recombinant Viruses - Competent DH10bac Escherichia coli cells (Life 
Technologies, Breda, The Netherlands) harboring the baculovirus genome (bacmid) and a 
transposition helper vector were transformed with the pFastbacdual transfer vector containing different 
cDNAs. Upon transition between the Tn7 sites in the transfer vector and the bacmid, recombinant 
bacmids were selected and isolated (132). Subsequently, Sf9 insect cells were transfected with 
recombinant bacmids using Cellfectin reagent (Life Technologies). After 3 days, the recombinant 
baculoviruses were harvested and used to infect Sf9 cells at a multiplicity o f  infection o f  0.1. Four 
days after infection, the amplified viruses were harvested. As a mock a baculovirus not expressing the 
a- and ß-subunit o f  H+,K+-ATPase or N a ,K -A T P ase was prepared.
Preparation of Membranes - Sf9 cells were grown at 27 °C in 100-ml spinner flask cultures (113). 
For production o f  the ATPases subunits, 1.0-1.5 x  106 cells ml-1 were infected at a multiplicity o f  
infection o f  1-3 in Xpress medium (BioWittaker, Walkersville, MD) containing 1% (v/v) ethanol (112) 
and incubated for 3 days. The Sf9 cells were harvested by centrifugation at 2,000 g for 5 min, and 
resuspended at 0 °C in 0.25 M sucrose, 2 mM EDTA, and 25 mM Hepes/Tris (pH 7.0). The 
membranes were sonicated twice for 30 s at 60 W  (Branson Power Co., Danbury, CT), after which the 
disrupted cells were centrifuged at 10,000 g for 30 min. The supernatant was recentrifuged at 100,000
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g for 60 min and the pelleted membranes were resuspended in the above mentioned buffer and stored 
at -20 °C.
Protein Determination - Protein was determined by the modified Lowry method described by 
Peterson (173) with bovine serum albumin as a standard.
ATPase Activity Assay - The ATPase activity was determined by a radiochemical method (117). For 
this purpose Sf9 membranes were added to 100 ^l o f  medium, which contained under standard 
conditions 50 mM Tris-acetic acid (pH 7.0), 0.2 mM EDTA, 0.1 mM EGTA, 1 mM Tris-N3, 1.3 mM 
MgCl2, 10 mM KCl, 100 mM NaCl, and 100 ^M [y-32P]ATP. Other conditions are indicated in the 
legends o f  the figures. After incubation at 37 °C, the reaction was stopped by the addition o f  500 ^l 
10% (w/v) charcoal in 6% (w/v) trichloroacetic acid, and after incubation at 0 °C, the mixture was 
centrifuged for 30 s (10,000 g). To 200 ^l o f  the clear supernatant, containing the liberated inorganic 
phosphate (32Pi), 4 ml o f  OptiFluor (Canberra Packard, Tilburg, The Netherlands) was added and the 
mixture was analyzed by liquid scintillation analysis. Blanks were prepared by incubating in the 
absence o f  enzyme. The specific activity is presented as the difference between that o f  the expressed 
enzyme and the mock.
ATP Phosphorylation Assay - ATP phosphorylation was determined as described previously (116). 
Sf9 membranes were incubated at 21 °C in 50 mM Tris-acetic acid (pH 6.0), 0.2 mM EDTA, 1.2 mM 
MgCl2, and 0-300 mM NaCl in a volume o f  50 ^l. After 30-60 min preincubation 10 ^l o f  0.6 |J,M [y- 
32P]ATP was added and incubated for 10 s at 21 °C. The reaction was stopped by adding 5% (w/v) 
trichloroacetic acid in 0.1 M phosphoric acid, and the phosphorylated protein was collected by 
filtration over a 0.8-^m membrane filter (Schleicher and Schuell, Dassel, Germany). After repeated 
washing, the filters were analyzed by liquid scintillation analysis. The specific phosphorylation level is 
presented as the phosphorylation level obtained with the expressed enzyme minus that o f  the mock. 
Calculations - The K0.5 value is defined as the concentration o f  effector giving the half-maximal 
activation and the IC50 as the value giving 50% inhibition o f  the maximal activation. Data are 
presented as mean values with standard error o f  the mean. Differences were tested for significance by 
means o f  the Student t-test.
Materials - The rat cDNA clones o f  the H+,K+-ATPase a - and ß-subunits and the rat and sheep 
cDNA clones o f  the N a ,K -A T P ase a 1- and ß-subunits were provided by Drs. G.E. Shull and J.B. 
Lingrel, respectively. All enzymes used for DNA cloning were purchased from Life Technologies Inc. 
[Y-32P]ATP (3000 Ci mmol-1) was purchased from Amersham (Buckinghamshire, United Kingdom).
Results
Seven chimeric constructs were produced after introduction of six unique restriction sites in 
both the cDNAs of the rat gastric H+,K+-ATPase a-subunit and the rat Na+,K+-ATPase a 1- 
subunit. First, the transmembrane hairpin M5-M6 of H+,K+-ATPase was exchanged by the 
similar region of Na+,K+-ATPase, generating the chimeric ATPase HN56. Next, the part 
originating from Na+,K+-ATPase was progressively increased in the N-terminal direction, 
generating the chimeric ATPases HNn6, HN46, HN36, HN26, HN16, and HNN6 (Figure 
3.1).
These chimeric a-subunits were introduced in the genome of a baculovirus together with the 
H+,K+-ATPase ß-subunit. As controls the wild-type H+,K+-ATPase and Na+,K+-ATPase (HK 
and NaK) were also expressed. The recombinant baculoviruses were used to infect Sf9 insect 
cells and the membrane fractions of these cells expressing the ATPase proteins were isolated. 
Western blot analysis, using the antibodies HKB (85) (directed against the large intracellular
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Figure 3.1 Schematic representation of chimeras and wild-type enzymes. The open lines 
represent H+,K+-ATPase sequences and the black lines represent Na+,K+-ATPase sequences.
HK, H+,K+-ATPase; NaK, Na+,K+-ATPase; HN56, H+,K+-ATPase with amino acids Leu776-Arg846 
replaced by those of Na+,K+-ATPase (Leu762-Arg832); HNn6 , H+,K+-ATPase with amino acids 
Ala519-Arg846 replaced by those of Na+,K+-ATPase (Ala505-Arg832); HN46, H+,K+-ATPase with 
amino acids Leu346-Arg846 replaced by those of Na+,K+-ATPase (Leu332-Arg832); HN36, H+,K+- 
ATPase with amino acids Ile293-Arg846 replaced by those of Na+,K+-ATPase (Ile279-Arg832); HN26, 
H+,K+-ATPase with amino acids Lys171-Arg846 replaced by those of Na+,K+-ATPase (Lys157- 
Arg832); HN16, H+,K+-ATPase with amino acids Leu105-Arg846 replaced by those of Na+,K+- 
ATPase (Leu91-Arg832); HNN6 , H+,K+-ATPase with amino acids Met1-Arg846 replaced by those of 
Na+,K+-ATPase (Met-5-Arg832).
loop of the H+,K+-ATPase a-subunit), HK9 (84) (directed against the N terminus of the H+,K+- 
ATPase a-subunit), L16 (154) (directed against M6 of Na+,K+-ATPase), 2G11 (45) (directed 
against the H+,K+-ATPase ß-subunit) and G34 (171) (directed against the Na+,K+-ATPase ß- 
subunit), was used to check the produced proteins. This analysis revealed similar expression 
levels for the wild-type H+,K+-ATPase, Na+,K+-ATPase and the chimeras HNn6, HN46, 
HN36, HN26, HN16, and HNN6. The expression level of chimera HN56, however, was 
slightly lower than that of the wild-type H+,K+-ATPase (data not shown).
Both Na+,K+-ATPase and H+,K+-ATPase hydrolyze ATP to actively transport cations across 
the plasma membrane. This ATPase activity was measured at 100 ATP in the absence of 
K+ and Na+, in the presence of 10 mM K+, and in the combined presence of K+ (10 mM) and 
Na+ (100 mM). The ATPase activity of the wild-type H+,K+-ATPase was stimulated by K+, 
but inhibited when Na+ was additionally present (Figure 3.2). The chimeras HN56, HNn6, 
HN46, HN36, and HN26 did not possess significant ATPase activity above that of the mock- 
infected cells, either in the absence or the presence of K+. Addition of Na+ in the presence of 
K+ also had no effect on the activity of the latter chimeras. In contrast to H+,K+-ATPase, the 
ATPase activities of the chimeras HN16 and HNN6 were only slightly stimulated by the 
addition of K+, whereas similarly to that of the wild-type Na+,K+-ATPase, the activities were
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Figure 3.2 ATPase activity of chimeras and wild-type enzymes. The assay was performed at 
37°C in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.3 mM MgCl2, 50 mM Tris-acetic acid 
(pH 7.0), and 100 |j.M ATP. Depending on the conditions described in the figure, 10 mM KCl 
and/or 100 mM NaCl was included in the incubation medium. The ATPase activity determined 
was corrected for that of mock-infected cells. The values presented are the mean ± SE of four 
enzyme preparations.
strongly stimulated by the combined presence of Na+ and K+. The ATPase activity levels, 
expressed per mg protein, of H+,K+-ATPase, Na+,K+-ATPase, HNN6, and HN16 at 100 |iM 
ATP were rather similar.
We compared the Na+ dependence of the overall ATPase activity of Na+,K+-ATPase, H+,K+- 
ATPase, and the chimeras HNN6 and HN16 in the presence of 10 mM K+ at 100 |iM ATP 
(Figure 3.3). The H+,K+-ATPase activity was not stimulated by the addition of Na+. 
Increasing concentrations of Na+, however, gradually inhibited the activity of this enzyme 
(apparent IC50 = 66 mM). Na+,K+-ATPase activity was stimulated by the addition of Na+ 
(apparent K0.5 = 4.7 mM). Na+ also raised the K+-stimulated ATPase activity of the chimeras 
HNN6 and HN16 with similar apparent K0.5 values (8.5 mM and 6.1 mM, respectively). At 
very high Na+ concentrations the K+-stimulated ATPase activities of Na+,K+-ATPase and the 
chimeras HN16 and HNN6 were also inhibited. Thus the Na+-activation curves of HN16 and 
HNN6 are rather similar to that of Na+,K+-ATPase.
To compare the K+-activation characteristics of the two ATPases and the active chimeras, 
ATPase activity measurements were carried out with 100 ^M ATP using 30 mM Na+, which 
is almost optimal for Na+,K+-ATPase, whereas the H+,K+-ATPase activity is still 70% of the 
maximal activity. All ATPases showed a biphasic K+ activation curve (Figure 3.4). The 
increasing parts of these curves are due to K+ activation of the dephosphorylation step. The 
decreasing parts are due to inhibition by K+ of the E2 to E1 transition. The K+ inhibition of 
Na+,K+-ATPase is enhanced by using lower than optimal ATP concentrations. In the absence
B KCl
KCl+NaCl
HK HN56 HNn6 HN46 HN36 HN26 HN16 HNN6 NaK
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Figure 3.3 Effect of Na+ on the ATPase activity of chimeras and wild-type enzymes. The assay  
was performed at 37°C in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.3 mM MgCl2, 10 mM 
KCl, 50 mM Tris-acetic acid (pH 7.0), 100 |j.M ATP, and different concentrations of NaCl. The 
ATPase activity determined was corrected for that of mock-infected cells. H+,K+-ATPase,H; 
Na+,K+-ATPase,0; HNN6 ,A; HN16,V. The values presented are the mean of three 
experiments. The maximal ATPase activity was set at 100%.
of K+ and the presence of 30 mM Na+ the H+,K+-ATPase activity was already 41% of the 
maximal ATPase activity, which is likely to be due to a K+-like effect of Na+ on the 
dephosphorylation reaction (224). The apparent K05 value of the increasing part of this curve 
was 0.2 mM K+. The K+-activated ATPase curve of Na+,K+-ATPase (apparent K05 = 0.4 mM) 
was shifted to the right compared to the curve of H+,K+-ATPase. The apparent K+ sensitivities 
of the chimeras HNN6 and HN16 were considerably lower (1.3 mM and 1.6 mM, 
respectively).
To determine if the ATP-affinity of these chimeras was changed compared to that of the wild­
type enzymes, we measured the ATPase activity at 10 mM K+, 30 mM Na+, and varying 
concentrations of ATP (1-3000 ^M) (Figure 3.5). The apparent ATP-affinity of H+,K+- 
ATPase (38 ^M) was higher than that of Na+,K+-ATPase (113 ^M) and the affinities of the 
chimeras HNN6 and HN16 were even higher (13 |iM and 8 ^M, respectively). Since it is 
known that ATP drives the enzyme from the E2K to the E1 conformation, this suggests that
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Figure 3.4 Effect of K+ on the ATPase activity of chimeras and wild-type enzymes. The assay  
was performed at 37°C in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.3 mM MgCl2, 30 mM 
NaCl, 50 mM Tris-acetic acid (pH 7.0), 100 M ATP, and different concentrations of added KCl. 
The ATPase activity determined was corrected for that of mock-infected cells. H+,K+-ATPase, ■; 
Na+,K+-ATPase,0; HNN6 ,A; HN16,V. The values presented are the mean of three 
experiments. The maximal ATPase activity was set at 100%.
the E2K conformers of HNN6 and HN16 are less stable than those of Na+,K+-ATPase. This 
was confirmed by studies with vanadate. This compound reacts with the E2K conformation of 
the enzyme and forms a stable intermediate that inhibits enzyme activity. The longer the 
enzyme is in this conformation during the reaction cycle the lower the vanadate concentration 
needed for 50% inhibition (42). Figure 3.6 shows that the chimeras, which have a high apparent 
affinity for ATP have a very low affinity for vanadate, suggesting that the observed high 
ATP-affinity is due to a preference of the chimeras HNN6 and HN16 for the E1 conformation. 
A characteristic property of P-type ATPases is the formation of an acid-stable phosphorylated 
intermediate during the catalytic cycle. We measured the phosphorylation capacity of the 
wild-type enzymes and the chimeras with 0.1 ATP in the absence of K+, with and without 
100 mM Na+ at 21°C and pH 6.0 (Figure 3.7). The ATP concentration used was 
approximately four and eight times the K05 for ATP in the phosphorylation reaction of H+,K+- 
ATPase and Na+,K+-ATPase, respectively (116). The chimeras HN56 and HNn6 that showed
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ATP (|j.M)
Figure 3.5 Effect of ATP on the ATPase activity of chimeras and wild-type enzymes. The assay  
was performed at 37°C in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.3 mM MgCl2, 10 mM 
KCl, 30 mM NaCl, 50 mM Tris-acetic acid (pH 7.0), and different concentrations of ATP. The 
ATPase activity determined was corrected for that of mock-infected cells and the maximal 
ATPase activity was set at 100%. H+,K+-ATPase,H; Na+,K+-ATPase,0; HNN6 ,A; HN16,V. The 
values presented are the mean of three experiments.
no K+-stimulated ATPase reaction could be phosphorylated. The chimera HNn6 and H+,K+- 
ATPase were both phosphorylated to a level of 6.2 pmol EP mg-1 protein, whereas the 
phosphorylation level of chimera HN56 was only 2.6 pmol EP mg-1 protein. The addition of 
100 mM Na+ decreased the phosphorylation level of these enzymes. The amounts of phospho- 
enzyme of HN46, HN36, and HN26 were not significantly different from that of the mock- 
infected cells. Chimeras HN16 and HNN6 were phosphorylated to a level of about 2 pmol EP 
mg-1 protein. The addition of 100 mM Na+ increased this phosphorylation level to 3.1 and 3.6 
pmol EP mg-1 protein, respectively. Phosphorylation of the wild-type Na+,K+-ATPase did 
hardly occur in the absence of added Na+ and was stimulated by this cation up to a maximal 
level of 1.6 pmol EP mg-1 protein.
Na+ stimulated the formation of a phosphorylated intermediate of Na+,K+-ATPase as well as 
of the chimeras HNN6 and HN16, whereas it decreased the phosphorylation level of H+,K+- 
ATPase and the chimeras HNn6 and HN56. In Figure 3.8 we used different concentrations of
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Vanadate (|j.M)
Figure 3.6 Effect of vanadate on the ATPase activity of chimeras and wild-type enzymes. The 
assay was performed at 37°C in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.3 mM MgCl2,
10 mM KCl, 30 mM NaCl, 50 mM Tris-acetic acid (pH 7.0), 100 |j.M ATP, and different 
concentrations of vanadate. The ATPase activity determined was corrected for that of mock- 
infected cells. H+,K+-ATPase,H; Na+,K+-ATPase,0; HNN6 ,A; HN16,V. The values presented 
are the mean of three experiments. The ATPase activity in the absence of vanadate was set at 
100%.
Na+ to investigate the cation dependence of the phosphorylation process. The phosphorylation 
levels of H+,K+-ATPase and chimeras HN56 and HNn6 were dose-dependently decreased by 
Na+ (Figure 3.8A), which is probably due to K+-like effects of Na+ on the dephosphorylation 
reaction (224). The phosphorylation levels of the wild-type Na+,K+-ATPase and the chimeras 
HN16 and HNN6 were dose-dependently increased by Na+. The phosphorylation level of the 
chimeras HNN6 and HN16 at 20 mM Na+ was almost three times the level measured in the 
absence of added Na+ and was higher than that measured at a Na+ concentration of 100 mM 
(Figure 3.7). The phosphorylation level of the wild-type Na+,K+-ATPase was gradually 
stimulated by Na+, until it reached a maximum at 100 mM Na+ (Figure 3.8B) (117). The 
different kinetics of these activation curves makes comparison difficult. It is likely that the 
difference is due to the fact that the chimeras are in the E1 form, whereas wild-type Na+,K+- 
ATPase is in the E2 conformation. Part of the added Na+ is therefore needed to drive the latter 
enzyme in the E1 form before it can be phosphorylated.
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Figure 3.7 ATP-phosphorylation level of chimeras and wild-type enzymes. Membranes were 
preincubated for at least 10 min at 21°C in the presence of 50 mM Tris-acetic acid (pH 6.0), 1.2 
mM MgCl2, 0.2 mM EDTA, and with or without 100 mM NaCl. After phosphorylation for 10 s  at
3221°C with 0.1 ^M [y- P]ATP the phosphorylation level was determined and corrected for that of 
mock-infected cells. The values presented are the mean ± SE of four enzyme preparations.
Discussion
2+The first high-resolution structure of a P-type ATPase (Ca -ATPase) has been elucidated 
recently (230). This huge step forward does, however, not answer all questions regarding 
structure-function relationship of P-type ATPases. The cation-binding residues present in the 
occlusion pocket might not be fully responsible for the cation specificity of P-type ATPases. 
Indeed, many reports demonstrate that regions outside the proposed occlusion pocket 
influence the cation selectivity (34,40,144,199). in the present study we shed some light on the 
regions involved in the cation specificity of Na+,K+-ATPase and H+,K+-ATPase. We 
demonstrate that only chimeras containing transmembrane segments one to six and the 
intervening regions of the Na+,K+-ATPase a-subunit harbor the amino acids responsible for 
the Na+-stimulation of the ATPase activity in the presence of K+. On the other hand the C- 
terminal part of the a-subunit together with the ß-subunit most likely determines the
difference in K+ de-occlusion properties between both parental ATPases.
2+ 2+ The crystal structure of SERCA1a Ca -ATPase revealed all residues that coordinate the Ca
atoms (230). According to this model, the complete cation binding pocket of H+,K+-ATPase
was replaced by that of Na+,K+-ATPase when both transmembrane hairpins M3-M4 and M5-
M6 were exchanged. This chimera (HN34/56), however, possessed a (H+,)K+-ATPase activity
that could not be stimulated by Na+ (115). Therefore, it is not likely that only these residues are
responsible for the Na+ activation of Na+,K+-ATPase. Because of the postulated role of the
M 5 -M 6  hairpin in  cation b inding (148), w e  first prepared a chim eric H +,K +-A TPase in  w hich
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Figure 3.8 Effect of Na+ on the ATP-phosphorylation level of chimeras and wild-type enzymes. 
Membranes were preincubated for at least 10 min at 21°C in the presence of 50 mM Tris-acetic 
acid (pH 6.0), 1.2 mM MgCl2, 0.2 mM EDTA, and different concentrations of NaCl. After
32phosphorylation for 10 s  at 21 °C with 0.1 ^M [y- P]ATP the phosphorylation level was 
determined and corrected for that of mock-infected cells. H+,K+-ATPase,H; HN56,#; HNn6,0; 
Na+,K+-ATPase,0; HNN6 ,A; HN16,V. The values are representative of two enzyme 
preparations. The maximal phosphorylation level was set at 100%.
only this hairpin was replaced by that of Na+,K+-ATPase (HN56). We demonstrated that ATP 
could phosphorylate this chimera but K+ did not stimulate the dephosphorylation reaction (115). 
In the present study this chimera was used as the starting enzyme: the part originating from 
Na+,K+-ATPase was gradually increased in the N-terminal direction. Only when the chimera 
was extended to include the M1-M2 hairpin of Na+,K+-ATPase was Na+ activation observed. 
Assembly of a- and ß-subunits is a crucial step in the formation of active X+,K+-ATPases. We 
previously demonstrated that Na+,K+-ATPase and H+,K+-ATPase require their own ß-subunits 
for optimal activity (116). When the ß-subunits were exchanged, the enzyme activity decreased 
and the apparent K+-affinity of the (hybrid) ATPases was the highest when the ß-subunit 
originated from Na+,K+-ATPase. It has been demonstrated that the binding region for the ß- 
subunit is located in the C-terminal region of both the Na+,K+-ATPase and H+,K+-ATPase a- 
subunits (49,129,142,244). Hence, an optimal assembly between the chimeric a-subunits and the 
H+,K+-ATPase ß-subunit was ensured through the presence of the C-terminal 187 amino acids 
of the H+,K+-ATPase a-subunit in all chimeras described in this paper.
Na+,K+-ATPase and H+,K+-ATPase need hydrolysis of ATP to transport cations across the 
membrane. Only two of the seven chimeras produced possessed this ATP hydrolysing 
activity. The formation of an acid-stable phosphorylated intermediate during the catalytic 
cycle is a characteristic property of P-type ATPases. X+,K+-ATPases react with K+ ions and 
are dephosphorylated subsequently (148). When K+ ions are absent during incubation, the
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enzymes presumably accumulate in the phosphorylated state. Four of the chimeras were 
significantly phosphorylated compared to the background. Chimeras HN56 and HNn6, 
however, did not show a K+-stimulated dephosphorylation reaction (not shown), and they did 
not possess K+-stimulated ATPase activity. Moreover, Na+ did not increase the 
phosphorylation levels of HN56 and HNn6, indicating that these chimeras most likely do not 
possess the amino acids that specify the selectivity for Na+. The chimeras HN46, HN36, and 
HN26 showed no phosphorylation or ATPase activity at all. These chimeras contained the 
complete intracellular domain between M4 and M5 that according to the Toyoshima model 
(230) includes the nucleotide binding (N) and phosphorylation (P) domains of Na+,K+-ATPase. 
In these chimeras either the complete A-domain (HN46, HN36) or part of it (HN26) 
originated from H+,K+-ATPase. It seems likely that certain structural changes within the 
ATPases can impede the enzyme activity. In that sense, it is remarkable that chimera 
HN34/56 that has similar transmembrane segments as HN36, but has intracellular domains 
that only originate from H+,K+-ATPase has K+-stimulated ATPase activity (115).
When chimera HN26 was extended in the N-terminal direction with transmembrane segments 
one and two of Na+,K+-ATPase, Na+-stimulated K+-ATPase activity became apparent. This 
activity was independent of the origin of the N-terminal intracellular part. Both chimeras 
(HN16 and HNN6) also possessed Na+ stimulated phosphorylation capacity. In addition, (i) 
these chimeras were already partially phosphorylated in the absence of Na+ and (ii) their 
apparent affinity for Na+ in the phosphorylation process was higher than that of the wild-type 
enzyme. Both observations probably reflect a high preference of these chimeras for the E1 
conformation. This effect has been observed previously (117) for the Na+,K+-ATPase mutant 
D804A. It might be that the presence of the chimera in the E1-conformation is sufficient for 
activating the phosphorylation process and thus initiates the ATPase reaction.
The finding that the chimeras HN16 and HNN6 are Na+-sensitive suggests that the first 
transmembrane hairpin is involved in Na+-selectivity. It is tempting to speculate how this fits
with the Toyoshima model for Ca2+-ATPase (230) that shows that only amino acids from M4,
2+ 2+ M5, M6, and M8 are directly involved in Ca binding. It is known that, whereas Ca -
ATPase binds and transports two Ca2+ ions, Na+,K+-ATPase transports three Na+ ions and
binding of all three ions is needed for ATPase activity. It could theoretically be that one of the
Na+ ions binds to a region of the protein that includes the M1-M2 hairpin. Alternatively, the
interaction of the M1-M2 hairpin with the M3-M4 and M5-M6 hairpins through the hydrogen
bond network might be necessary to obtain a functional Na+-binding pocket.
In the past decade, it has been demonstrated that the predicted transmembrane segments 4, 5,
and 6 are involved in cation occlusion (148). Recently, Mense et al. (144) observed that when
three residues present in the fourth transmembrane segment of Na+,K+-ATPase were replaced
by those of H+,K+-ATPase, the enzyme showed partial K+-stimulated ATPase activity in the
absence of Na+. The authors suggested that these three residues are involved in the Na+/H+
selectivity of Na+,K+-ATPase. We, however, witnessed that the K+-stimulated ATPase
activity of a chimera containing transmembrane hairpin M3-M4 of Na+,K+-ATPase (HN34)
was not stimulated by Na+ (115). Canfield and Levenson (40) replaced parts of the rat a 1-subunit
of Na+,K+-ATPase by those of rat gastric H+,K+-ATPase. These constructs were transfected
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into ouabain-sensitive human HEK 293 cells. By measuring the ability to transfer ouabain 
resistance they demonstrated that four discrete regions of Na+,K+-ATPase could not be 
exchanged by H+,K+-ATPase without loss of function. These regions are Leu63-Ile117, Ala320- 
Lys413, Val736-Gln861 and Val898-Ile953. Blostein et al. (34) suggested that both the N-terminal 
half of the intracellular M4-M5 loop and the adjacent transmembrane helice(s) of Na+,K+- 
ATPase and H+,K+-ATPase play a role in cation selectivity. Chimera HN16 includes all these 
fragments, except Val898-Ile953. This region, however, contains the ß-subunit binding domain 
and in contrast to our study Canfield and Levenson (40) used the ß-subunit of Na+,K+-ATPase. 
The E2K to E1K reaction of H+,K+-ATPase is more than 2 orders of magnitude faster than that 
of the Na+,K+-ATPase transition (69). Moreover, the E2K conformer of the Na+,K+-ATPase is 3 
orders of magnitude more stable than E1K, while the E1K and E2K conformations of the 
H+,K+-ATPase are energetically nearly equivalent (69,181). This explains the difficulty of 
measuring K+ occlusion in H+,K+-ATPase (184). Chimeras HNN6 and HN16 have a high 
apparent affinity for ATP and a low affinity for vanadate compared to Na+,K+-ATPase. This 
is attributable to the relative rates of interconversion of the E1/E2 enzyme conformations 
which yield an equilibrium that is probably more close to that of H+,K+-ATPase than to that of 
Na+,K+-ATPase. Consequently, the chimeras HNN6 and HN16 most likely possess the K+ de­
occlusion properties of the H+,K+-enzyme, and not those of Na+,K+-ATPase. This 
phenomenon seems to be more prominent in HN16 than in HNN6. The N-terminus, however, 
is physically on the other side of the molecule (according to the Ca2+-ATPase structure (230)) 
and therefore probably changes the relative rates of the interconversion of the E1/E2 
conformation by itself. The different non-saturating ATP concentrations for Na+,K+-ATPase 
and chimeras HNN6 and HN16 probably resulted in different apparent K+-affinities (Figure 
3.4). When the ATP concentration used is far below its saturating concentration (Na+,K+- 
ATPase) then this results in an apparently higher affinity for K+.
Several studies imply an important role for the M5-M6 hairpin in occlusion of cations and 
suggest that this hairpin is stabilized by interactions with other fragments, such as the M7-M8 
hairpin (133,134,208,209). The M7-M8 loop is most likely involved in interactions with the ß- 
subunit (128,142). Disruption of the ß-subunit, by S-S bridge reduction results in a loss of 
ATPase activity (44,135), which has been shown for Na+,K+-ATPase to lead to a loss of K+ 
occlusion (135). Furthermore, it was demonstrated that in hybrid X+,K+-ATPases, in which the 
ß-subunits were exchanged, the K+-affinity was modified (116). Ishii et al. (98) showed that the 
C-terminal 102 amino acids of Na+,K+-ATPase are sufficient to shift the K+-sensitivity for 
activation of the Ca2+-ATPase. Geering (79) recently speculated that the K+-transport function, 
common to all oligomeric P2-type ATPases necessitates a particular amino acid composition 
of the C-terminal transmembrane pairs. This specific arrangement is not compatible with 
membrane insertion mediated only by intramolecular interactions and has required during 
evolution the association of a helper protein that assists the correct packing of K+-transporting 
P-type ATPases. Our results strengthen this hypothesis, that is we provide evidence that the 
C-terminal regions of Na+,K+-ATPase and H+,K+-ATPase are likely to be involved in K+ de­
occlusion.
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In  th is  s tu d y  w e  r e v e a le d  th a t  th e  N a + ,K + - A T P a s e  s e c t io n  M 1- M 6 , w it h  a  s u r p r is in g  r o le  fo r  
th e  f ir s t  tr a n s m e m b r a n e  h a irp in , is  in v o lv e d  in  N a+  a c t iv a t io n . O n  th e  o th e r  h a n d  th e  C -  
te r m in a l 187  a m in o  a c id s  m a y  p la y  a  r o le  in  K +  o c c lu s io n . M o r e o v e r ,  H N N 6  a n d  H N 16 a re  
n o t  o n ly  c h im e r ic  e n z y m e s  in  s tru c tu re , b u t  a ls o  in  fu n c tio n . O n  o n e  h a n d  th e y  p o s s e s s  th e  
N a + -s tim u la te d  A T P a s e  r e a c t io n  o f  N a + ,K + -A T P a s e , w h i le  o n  th e  o th e r  h a n d  th e y  h a v e  th e  K +  
d e - o c c lu s io n  p r o p e r t ie s  o f  H + ,K + -A T P a s e .
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M5-M6 of the a1-subunit of rat Na+,K+-ATPase
Jan B. Koenderink, Harm P.H. Hermsen, Herman G.P. Swarts, Peter H.G.M. Willems 
and Jan Joep H.H.M. De Pont
Proceedings of the National Academy of Sciences, October 10, 2000, 11209-11214.

Ouabain binding by M3-M4 and M5-M6 of Na+,K+-ATPase
Na+,K+-ATPase and gastric H+,K+-ATPase are two related enzymes that are 
responsible for active cation transport. Na+,K+-ATPase activity is inhibited 
specifically by ouabain, whereas H+,K+-ATPase is insensitive to this drug. Because 
it is not known which parts of the catalytic subunit of Na+,K+-ATPase are 
responsible for ouabain binding, we prepared chimeras in which small parts of the 
a-subunit of H+,K+-ATPase were replaced by their counterparts of the a 1-subunit 
of ra t Na+,K+-ATPase. A chimeric enzyme in which transmembrane segments 5 
and 6 of H+,K+-ATPase were replaced by those of Na+,K+-ATPase could form a 
phosphorylated intermediate, but hardly showed a K+-stimulated 
dephosphorylation reaction. When transmembrane segments 3 and 4 of Na+,K+- 
ATPase were also included in this chimeric ATPase, K+-stimulated 
dephosphorylation became apparent. This suggests that there is a direct 
interaction between the hairpins M3-M4 and M5-M6. Remarkably, this chimeric 
enzyme, HN34/56, had obtained a high-affinity ouabain-binding site, whereas the 
rat Na+,K+-ATPase, from which the hairpins originate, has a low affinity for 
ouabain. The low affinity of the rat Na+,K+-ATPase previously had been attributed 
to the presence of two charged amino acids in the extracellular domain between 
M1 and M2. In the HN34/56 chimera, the M1-M2 loop, however, originates from 
H+,K+-ATPase, which has two polar uncharged amino acids on this position. 
Placement of two charged amino acids in the M1-M2 loop of chimera HN34/56 
results in a decreased ouabain affinity. This indicates that although the M1-M2 
loop affects the ouabain affinity, binding occurs when the M3-M4 and M5-M6 
hairpins of Na+,K+-ATPase are present.
Na+,K+-ATPase, the enzyme responsible for active Na+ and K+ transport over the plasma 
membrane, is found in the cells of all higher eukaryotes (148). It is the target molecule for 
cardiac glycosides, such as ouabain, which inhibit the enzyme activity by binding from the 
extracellular side of the enzyme. Recently, the presence of endogenous ouabain has been
demonstrated in mammalians (86,108,120) and it is suggested that it may play a role in the
(73) + +pathogenesis of hypertension  ^ . The interaction between ouabain and Na ,K -ATPase
appears to be important for understanding the regulation of Na+,K+-ATPase activity. Until
now the location of the binding site for ouabain remained to be elucidated.
H+,K+-ATPase, like Na+,K+-ATPase, belongs to the sub-family of P2-type ATPases. Both
these enzymes hydrolyze ATP and use the liberated energy for transport of cations across the
membrane. Their heavily glycosylated ß-subunits are structurally similar but only 30%
identical and play a modulatory role in cation-dependent reactions (116). This is in contrast to
their catalytic a-subunits, which share a higher degree of identity (63%) and are responsible
for the cation specificity. Despite these structural similarities, Na+,K+-ATPase is specifically
inhibited by ouabain, whereas H+,K+-ATPase is insensitive to this drug.
It is now generally accepted that amino acids present in the first extracellular loop of Na+,K+-
ATPase are involved in the binding of ouabain (15,40,50,53,68). The border residues of this loop,
Arg113 and Asp124, are responsible for the ouabain-resistant character of the rat enzyme
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(177,179). Further studies demonstrated that other residues in this loop are also important for 
determining the ouabain sensitivity (201,202). a  chimeric sarcoplasmic/endoplasmic reticulum 
Ca2+-ATPase with Ala70 until Asp200 of Na+,K+-ATPase can bind ouabain with a rather high 
affinity (99,100). A chimeric H+,K+-ATPase with the first extracellular loop and Cys815 (present 
in the extracellular loop between transmembrane helix 5 and 6) replaced by the corresponding 
amino acids of Na+,K+-ATPase (Thr) also acquired ouabain sensitivity, although the affinity 
was very low (15). It has been demonstrated previously, on the other hand, that the ouabain 
sensitivity is not confined to the amino-terminal half of Na+,K+-ATPase (34,35). Indeed, many 
amino acid substitutions throughout the a-subunit increase the ouabain resistance (reviewed 
in ref. 53).
For a number of years the localization of the ouabain-binding site on Na+,K+-ATPase has 
been subject of many studies, but despite attempts to unravel the precise location of ouabain 
binding, the amino acids involved in direct binding are still unknown. The K+-ouabain 
antagonism suggests that the K+-binding site, which probably includes M4, M5, and M6, also 
may be involved in ouabain binding (162). In the present study we have investigated the role of 
transmembrane hairpins M1-M2, M3-M4, and M5-M6 in the binding of ouabain. In a chimera 
(HN34/56) the transmembrane regions M3-M4 and M5-M6 of H+,K+-ATPase were replaced 
by those of the a 1-subunit of rat Na+,K+-ATPase, an isotype with a low affinity for ouabain. 
Surprisingly, chimera HN34/56 did bind ouabain with a very high affinity. We demonstrated 
that the presence of the M3/M4 and M5/M6 hairpins is crucial for ouabain binding and that 
the observed high affinity for ouabain binding is due to the presence of two neutral residues in 
H+,K+-ATPase at the position of Arg113 and Asp124 of rat Na+,K+-ATPase.
Experimental procedures
Expression Constructs - The rat gastric H+,K+-ATPase a - and ß-subunits and the rat Na+,K+- 
ATPase a 1- and ßi-subunits were cloned into the pFastbacdual vector (Life Technologies, Breda, The 
Netherlands) as described previously (116). We used the Altered Sites II in vitro mutagenesis system  
(Promega, Madison WI) to introduce silent mutations to generate new Pvul, NheI, VspI, and SstII sites 
in the cDNA o f  the H+,K+-ATPase and Na+,K+-ATPase a-subunits. Thereafter the N  terminus until 
PvuI, the PvuI-SstII fragment, the Pvul-Nhel fragment, the VspI-SstII fragment, and the combination 
o f  the last two fragments o f  H+,K+-ATPase were replaced by those o f  Na+,K+-ATPase, resulting in the 
chimeras HNN3, HN36, HN34, HN56, and HN34/56, respectively (Figure 4.1). We introduced in the 
rat Na+,K+-ATPase and chimera HNN3 a-subunits the R113Q and D124N mutations. In the rat H+,K+- 
ATPase and chimera HN34/56 a-subunits, the opposite mutations (Q127R and N138D) were 
introduced. The sequence o f  all mutants was verified.
Production of Recombinant ATPase - Recombinant baculoviruses were produced and the 
membrane fraction containing the recombinant ATPases was obtained as described previously (116). As 
a mock, a baculovirus not expressing the a - and ß-subunits o f  H+,K+-ATPase and Na+,K+-ATPase was 
prepared.
Protein Determination - The amount o f  protein was determined with the modified Lowry method 
described by Peterson (173) by using BSA as a standard.
ATPase Activity Assay - The ATPase activity was determined with a radiochemical method (116). 
For this purpose, Spodoptera frugiperda  (Sf)9 membranes were added to 100 ^l o f  medium, which 
contained 50 mM Tris-acetic acid (pH 6.0), 0.2 mM EDTA, 0.1 mM EGTA, 1 mM Tris-N3, 1.2 mM
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MgCl2, 3.0 mM KCl, and 10 ^M [y-32P]-ATP. Na+,K+-ATPase activity was measured in the presence 
o f 50 mM Tris-acetic acid (pH 7.0), 0.2 mM EDTA, 0.1 mM EGTA, 1 mM Tris-N3, 1.2 mM MgCl2, 
10 mM KCl, 100 mM NaCl, and 100 ^M [y-32P]-ATP. After incubation at 37 °C the reaction was 
stopped by the addition o f  500 ^l 10% (w/v) charcoal in 6% (w/v) trichloroacetic acid, and after 
incubation at 0 °C, the mixture was centrifuged for 30 s (10,000 g). To 200 ^l o f  the clear supernatant 
containing the liberated inorganic phosphate (32Pi), 4 ml o f  OptiFluor (Canberra Packard, Tilburg, The 
Netherlands) was added, and the mixture was analyzed by liquid scintillation analysis. Blanks were 
prepared by incubating in the absence o f  enzyme. The specific activity is presented as the difference 
between that o f  the expressed enzyme and the mock.
ATP Phosphorylation and Dephosphorylation Assay - ATP phosphorylation was determined 
as described (116). Sf9 membranes were incubated at 21 °C in 50 mM Tris-acetic acid (pH 6.0), 0.2 mM 
EDTA, 1.2 mM MgCl2 with or without ouabain in a volume o f  50 ^l. After 30-60 min preincubation, 
10 ^l o f  0.6 ^M [y-32P]ATP was added and incubated for 10 s at 21 °C. For dephosphorylation studies, 
the reaction mixture was diluted 8.3 times with nonradioactive ATP (100 ^M, to prevent 
rephosphorylation with radioactive ATP), with or without ouabain, and was incubated further for 3 s at 
21 °C. The reaction was stopped by adding 5% trichloroacetic acid in 0.1 M phosphoric acid, and the 
phosphorylated protein was collected by filtration over a 0.8-|im membrane filter (Schleicher and 
Schuell, Dassel, Germany). After repeated washing, the filters were analyzed by liquid scintillation 
analysis. The specific phosphorylation is presented as the phosphorylation level obtained with the 
expressed enzyme minus that o f  the mock.
Ouabain Binding - Sf9 membranes (~ 100 ^g o f  protein) were incubated at 21 °C in 50 mM Tris- 
acetic acid (pH 7.0), 5.0 mM MgCl2, 1.0 mM H3PO4 or 1.0 mM ATP (with or without 100 mM NaCl), 
and 10 nM [3H]ouabain with and without 1 mM nonradioactive ouabain in a volume o f  200 |il. After 
45-60 min o f  incubation, the reaction mixture was incubated for 15 min at 0 °C. The ouabain-protein 
complex was collected by filtration over a 0.8-^m membrane filter (Schleicher and Schuell). After 
repeated washing with ice-cold water, the filters were analyzed by liquid scintillation analysis. The 
specific ouabain binding is presented as the difference between [3H]ouabain binding in the absence 
and presence o f  1 mM nonradioactive ouabain.
Calculations - Data are presented as mean values with SEM. Differences were tested for 
significance by means o f  the Student's t test.
Materials - The rat cDNA clones o f  the H+,K+-ATPase a - and ß-subunits and the rat cDNA clone o f  
the Na+,K+-ATPase a 1-subunit were provided by G.E. Shull and J.B. Lingrel, respectively. 
[3H]Ouabain (45 Ci mmol-1) and [y-32P]ATP (3000 Ci mmol-1) were purchased from Amersham 
Pharmacia (Buckinghamshire, United Kingdom).
Results
Five chimeric constructs were produced after introduction of four unique restriction sites in 
both the cDNAs of the rat gastric H+,K+-ATPase a-subunit and the rat Na+,K+-ATPase ai- 
subunit. The N terminus until transmembrane segment 3, transmembrane segments 3-4, 
transmembrane segments 5-6, the combination of 3-4 and 5-6, as well as the complete region 
between and including the transmembrane domains 3-6 of H+,K+-ATPase were exchanged for 
the similar parts of Na+K+-ATPase, generating the chimeric ATPases HNN3, HN34, HN56, 
HN34/56, and HN36, respectively (Figure 4.1). These chimeric a-subunits and the wild-type 
H+,K+-ATPase a-subunit (HK) were introduced in the genome of a baculovirus together with 
the H+,K+-ATPase ß-subunit. The recombinant baculoviruses were used to infect Sf9 insect 
cells, and the membrane fractions of these cells expressing the recombinant ATPase proteins
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Figure 4.1 Schematic representation of the produced chimeras and wild-type H+,K+-ATPase. 
The open bars represent H+,K+-ATPase sequences, and the solid bars represent Na+,K+- 
ATPase sequences. HK, H+,K+-ATPase; NaK, Na+,K+-ATPase; HNN3, H+,K+-ATPase with 
amino acids Met1-Ile293 replaced by those of Na+,K+-ATPase (Met1-Ile279); HN36, H+,K+-ATPase 
with amino acids Ile293-Arg846 replaced by those of Na+,K+-ATPase (Ile279-Arg832); HN34, H+,K+- 
ATPase with amino acids Ile293-Leu346 replaced by those of Na+,K+-ATPase (Ile279-Leu332); 
HN56, H+,K+-ATPase with amino acids Leu776-Arg846 replaced by those of Na+,K+-ATPase 
(Leu762-Arg832); HN34/56, H+,K+-ATPase with amino acids Ile293-Leu346 and Leu776-Arg846 
replaced by those of Na+,K+-ATPase (Ile279-Leu332 and Leu762-Arg832).
were isolated. Western blot analysis revealed similar expression levels for the wild-type 
H+,K+-ATPase and the chimeras HNN3, HN36, HN34, and HN34/56. The expression level of 
chimera HN56, however, was slightly lower than that of the wild-type H+,K+-ATPase (data 
not shown).
To measure ATPase activity in the presence of 10 ATP, we used optimal reaction 
conditions for the ATP hydrolyzing chimeras HN34 and HN34/56 (pH 6.0 and 3 mM KCl). 
Under these conditions the wild-type H+,K+-ATPase activity was about 60% of that measured 
previously (pH 7.0 and 1 mM KCl) (116). HNN3, HN36, and HN56 possessed an ATPase 
activity of less than 17% of that of H+,K+-ATPase (Figure 4.2) that could hardly be stimulated 
by K+ or by changing the pH or ATP concentration (data not shown). HN34 and HN34/56, 
however, possessed a K+-stimulated ATPase activity that was 105% and 49% of that of the 
wild-type enzyme, respectively (Figure 4.2). The addition of Na+, in the presence of K+ (with 
either 10 ^M or 1 mM ATP), could not activate the ATPase activity of any of these chimeras 
(data not shown).
The effect of ouabain on the ATPase activity was studied to determine the binding site of this 
specific Na+,K+-ATPase inhibitor (Figure 4.3A). Ouabain did not affect the ATPase activity 
of the wild-type H+,K+-ATPase and the chimeras HNN3, HN36, HN34, and HN56. Chimera 
HN34/56, however, was inhibited by ouabain with a very high sensitivity (IC50 = 2 |iM). 
Because it is known that ouabain reacts with either the E2 or the E2P form of Na+,K+-ATPase, 
it is important to know the conformational equilibria of the chimeras. Vanadate reacts with
HK = 0 0 = 0 0 =
NaK — H ------- H ----------------------- ■ ■ ■ ■ ■ ■  ■
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Figure 4.2 ATPase activity of the chimeras and wild-type H+,K+-ATPase. The assay was 
performed at 37 °C with ~1 ^g protein in the presence of 0.2 mM EDTA, 0.1 mM EGTA, 1.2 mM 
MgCl2, 50 mM Tris-acetic acid (pH 6.0), 3.0 mM KCl, and 10 |j.M ATP. The ATPase activity 
determined was corrected for that of the mock. Shown are mean values ± SE of two to four 
enzyme preparations.
the E2 conformation of the enzyme and forms a stable intermediate that inhibits enzyme 
activity. The longer the enzyme is in this form during the reaction cycle, the lower the 
vanadate concentration needed for 50% inhibition (42). Figure 4.3B shows that the ouabain­
sensitive mutant has a very low affinity for vanadate, indicating that the observed inhibition 
by ouabain is not due to an equilibrium shift towards E2.
The formation of an acid-stable phosphorylated intermediate during the catalytic cycle is a 
characteristic property of P-type ATPases. To investigate this feature for the chimeric 
enzymes, we performed phosphorylation experiments at 21 °C for 10 s. H+,K+-ATPase and 
chimera HNN3 were both phosphorylated to a level of 2.8 pmol EP mg-1 protein, whereas the 
phosphorylation level of chimera HN36 was not different from that of the mock (Figure 4.4). 
The amounts of phosphoenzyme of HN34 and HN34/56 were only 0.5 and 0.8 pmol EP mg-1 
protein, respectively. The amount of phosphorylated intermediate of chimera HN56 was 1.8 
pmol EP mg-1 protein, which is 64% of that of the wild-type enzyme. Na+ could not enhance 
the formation of a phosphorylated intermediate in any of the chimeras (data not shown).
Next, we preincubated the preparations with increasing concentrations of the specific Na+,K+- 
ATPase inhibitor ouabain (Figure 4.5). The steady-state phosphorylation levels of the wild­
type H+,K+-ATPase and the chimeras HNN3, HN36, HN34, and HN56 were not affected. The 
addition of ouabain to chimera HN34/56, however, increased the phosphorylation level.
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Figure 4.3 Effects of ouabain and vanadate on the ATPase activity of the chimeras and wild­
type H+,K+-ATPase. The assay was performed as in Figure 4.2, using varying concentrations of 
ouabain and vanadate. The ATPase activity determined was corrected for that of the mock. The 
H+,K+-ATPase activity in the absence of inhibitors was set at 100%. ■ , H+,K+-ATPase; □ , 
HNN3; • ,  HN36; O, HN34; ▲, HN56; V , HN34/56. Shown is the average of two enzyme 
preparations.
To study the effect of ouabain on the phosphorylated intermediate of HN34/56 more closely, 
we measured the spontaneous dephosphorylation rates of this intermediate in the presence and 
absence of ouabain. Table 4.1 shows that the spontaneous dephoshorylation rate of the 
chimeras HN34 and HN34/56 is enhanced significantly as compared with that of the wild­
type H+,K+-ATPase. In the presence of ouabain, the spontaneous dephoshorylation rate of 
HN34/56 decreased, indicating that the phosphorylated intermediate was stabilized by this 
inhibitor.
The ouabain affinity of chimera HN34/56 seems to be much higher than that reported for the 
rat Na+,K+-ATPase (177). The low affinity of rat Na+,K+-ATPase has been attributed to the
113 124 (177)presence of two charged amino acids (Arg and Asp ) in the M1-M2 loop ( . In the 
chimera HN34/56, the M1-M2 loop originates from H+,K+-ATPase. Although the overall 
amino acid composition of this loop is rather different from that of Na+,K+-ATPase, the amino 
acids corresponding to Arg113 and Asp124 of the rat Na+,K+-ATPase are Gln and Asn, 
respectively, as is the case in Na+,K+-ATPase of species with a high affinity for ouabain (177). 
We therefore prepared the Na+,K+-ATPase R113Q/D124N mutant as well as the HN34/56- 
R127Q and the HN34/56-R127Q/D138N mutants and measured their sensitivities for 
ouabain. Figure 4.6A demonstrates that the rat Na+,K+-ATPase (IC5o = ~ 60 ^M) has a 100 
times lower ouabain affinity than the mutated Na+,K+-ATPase R113Q/D124N (IC50 = 0.6 
^M). The ouabain affinity of chimera HN34/56-Q127R/N138D (IC50 = ~ 400 ^M) was about
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Figure 4.4 Phosphorylation capacity of the chimeras and wild-type H+,K+-ATPase. Sf9 
membranes (~5 ^g) were preincubated at 21 °C with 0.2 mM EDTA, 1.2 mM MgCl2, and 50 mM 
Tris-actetic acid (pH 6.0). After phosphorylation at 21 °C for 10 s with 0.1 ^M [y-32P]ATP the 
phosphorylation level (EP) was determined and corrected for that of the mock. Shown are the 
mean values ± SE of two to four enzyme preparations.
200 times lower than that of HN34/56 (IC50 = 2 ^M, Figure 4.6B). Chimera HN34/56-Q127R 
(IC50 = 26 |iM) had intermediate ouabain sensitivity.
Because the chimera HN34/56 probably has acquired the binding site for ouabain, we 
investigated the direct binding of [3H]ouabain to the chimeras, H+,K+-ATPase and Na+,K+- 
ATPase. Ouabain hardly bound to rat Na+,K+-ATPase, H+,K+-ATPase, HNN3, HNN3- 
113Q/D124N, HN36, HN34, HN56, HN34/56-Q127R, and HN34/56-Q127R/N138D (Figure 
4.7). In the presence of inorganic phosphate, ouabain binds to Na+,K+-ATPase 
R113Q/D124N, whereas in the presence of ATP it did bind to chimera HN34/56 (Figure 4.7). 
The replacement of ATP by inorganic phosphate in the binding assay abolished the binding of 
[ H]ouabain to chimera HN34/56, which is probably due to the preference of this chimera for 
the E1 conformation (Figure 4.3B). To compare the apparent affinity for ouabain of chimera 
HN34/56 and Na+,K+-ATPase, the concentration of unlabeled ouabain required to remove the 
bound [ H]ouabain was determined. The ouabain-binding buffer contained 1 mM ATP and 
100 mM NaCl, which permitted suboptimal ouabain binding to both chimera HN34/56 and 
Na+,K+-ATPase R113Q/D124N (Figure 4.8). The apparent affinity for ouabain binding of 
HN34/56 was 0.4 ^M, which is similar to that of Na+,K+-ATPase R113Q/D124N (0.3 ^M).
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Figure 4.5 Effect of ouabain on the phosphorylation capacity of the chimeras and wild-type 
H+,K+-ATPase. Sf9 membranes were preincubated as in figure 4.4, using varying concentrations
32
of ouabain. After phosphorylation at 21 °C for 10 s with 0.1 ^M [y- P]ATP, the phosphorylation 
level (EP) was determined and corrected for that of the mock. The phosphorylation level of 
H+,K+-ATPase in the absence of ouabain was set at 100%. ■ , H+,K+-ATPase; □ , HNN3; • ,  
HN36; O, HN34; ▲, HN56; V , HN34/56. Shown is the average of two enzyme preparations.
Discussion
Na+,K+-ATPase is inhibited specifically by ouabain. The goal of this study was to perceive 
the region responsible for the specific interaction of this enzyme with this drug. Therefore, 
five chimeric ATPases were prepared in which small parts of the a-subunit of Na+,K+- 
ATPase were inserted into that of gastric H+,K+-ATPase. Next, we expressed them in Sf9 
cells and analyzed their properties. Surprisingly, we revealed two distinct regions in Na+,K+- 
ATPase, which, only in concert, could donate ouabain sensitivity to recombinant H+,K+- 
ATPase. These two regions, M3-M4 and M5-M6, generally are not associated with ouabain 
binding but are thought to play a role in cation occlusion (148).
The ß-subunit of H+,K+-ATPase was used for all chimeras, because the extracellular domain 
between M7 and M8 originated in all chimeras from H+,K+-ATPase. There is strong evidence 
(128,130,142) that specific interaction between the a- and ß-subunit occurs in this region of the a- 
subunit. Of the five chimeras prepared in this study, only two (HN34 and HN34/56) showed 
considerable K+-activated ATPase activity. Two other chimeras (HNN3 and HN56) had a low 
K+-insensitive ATPase activity but could be phosphorylated by ATP. The ATPase activity of 
all of the chimeras could not be stimulated by the addition of Na+, indicating that (part of) the 
Na+-binding site is absent in all chimeras.
The chimeric enzyme HN36, which has the same transmembrane domains as chimera 
HN34/56, showed almost no ATPase activity and phosphorylation capacity. This chimera has
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Table 4.1 Dephosphorylation of the phosphorylated enzymes. Sf9 membranes (~5 ^g) of cells 
infected with viruses expressing H+,K+-ATPase (HK) or the chimeras were preincubated at 21 
°C with 0.2 mM EDTA, 1.2 mM MgCl2, 50 mM Tris-actetic acid (pH 6.0), with or without 1 mM
32ouabain. After 10 s phosphorylation at 21 °C with 0.1 ^M [y- P]ATP, the enzymes were 
dephosphorylated in 50 mM Tris-acetic acid (pH 6.0), 100 M ATP, with or without 1 mM 
ouabain. The phosphorylation level was determined and corrected for that of the mock. 
Dephosphorylation is expressed as the percentage decrease of the phosphorylation level in 3 s. 
The data presented are the mean values ± SE of three samples. a Comparison of the 
dephosphorylation levels of the chimeras and the wild-type enzyme without ouabain (p < 0.05). 
b Comparison of the dephosphorylation levels with and without ouabain (p < 0.05)._____________
Dephosphorylation, Dephosphorylation,
% % + ouabain
HK 36 ± 2 3 4 ± 4
HN13 34 ± 1 29 ± 4
HN34 55 ± 4 a 47 ± 3
HN56 31 ± 5 29 ± 2
HN34/56 102 ± 4 a 28 ± 4 b
intracellular domains originating from two different ATPases. Toyoshima et al. (230) showed 
in SERCA1a Ca2+-ATPase that the N-terminal region and the M2/M3 loop form the so-called 
A domain that has to interact with the N and P domains that originate from the M4/M5 loop. 
Goldshleger and Karlish (81) have shown that the intracellular domains of Na+,K+-ATPase 
have a close interaction. It might be that the interaction between these domains is not optimal 
when they originate from different ATPases. Chimera HNN3, however, also has intracellular 
domains from different ATPases and still could be phosphorylated.
Ouabain inhibited the ATPase activity and affected the phosphorylation level only when both 
M3-M4 and M5-M6 were replaced by the similar regions of the a 1-subunit of rat Na+,K+- 
ATPase. Moreover, this chimera was the only one that bound ouabain. Replacement of either 
the hairpin M3-M4 or M5-M6 alone or of the complete N-terminal part (Met1-Ile293), 
including hairpin M1-M2, did not result in any ouabain effect. These findings apparently 
contrast with those of Ishii et al. (99,100). They found that the region between Ala70 and Asp200 
of Na+,K+-ATPase was sufficient for donating ouabain-binding capacity to Ca2+-ATPase, 
although the affinity was less than that of the wild-type Na+,K+-ATPase (99,100). We did not 
observe any ouabain binding by chimera HNN3 and HNN3-R113Q/D124N that contained
even a larger part of Na+,K+-ATPase. Regarding the large differences in amino acid
2+composition, it is unlikely that the part of Ca -ATPase still present in the chimera produced 
by Ishii et al. (100) can take over the role of the M3-M4/M5-M6 hairpins of Na ,K+-ATPase, 
whereas the similar part of H+,K+-ATPase cannot.
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Figure 4.6 Effect of ouabain on the ATPase activity of the rat Na+,K+-ATPase, mutant Na+,K+- 
ATPase R113Q/D124N, chimera HN34/56, mutant HN34/56 Q127R and mutant HN34/56 
Q127R/N138D. The assay shown in A was performed in the presence of 0.2 mM EDTA, 0.1 mM 
EGTA, 1.2 mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 10 mM KCl, 100 mM NaCl, and 100 |j.M 
ATP. The assay conditions used for the assay shown in B were similar to those described
Figure 4.2. The ATPase activity determined was corrected for that of the mock. The ATPase
+ + 1 activity in the absence of ouabain was set at 100%: Na ,K -ATPase, 0.37 ^mol Pi m g protein
h-1 (■); NaKQN, 0.41 |j.mol Pi mg-1 protein h-1 (O); HN34/56, 0.10 |j.mol Pi mg-1 protein h-1 (O);
HN34/56R, 0.08 |j.mol Pi mg-1 protein h-1 (V); HN34/56RD, 0.04 |j.mol Pi mg-1 protein h-1 (■).
Results are representative of two enzyme preparations.
Surprisingly, the phosphorylation level of chimera HN34/56 increased after the addition of 
ouabain to the phosphorylation mix. An increase in the steady-state phosphorylation level by 
an inhibitor has been observed earlier with the H+,K+-ATPase mutant E820Q (221). This was 
explained by the fact that the inhibitor SCH 28080 interacts only with the E2 forms of the 
enzyme (109,235). The E820Q mutant has a strong preference for the E1 form and did not react 
with SCH 28080 under resting conditions. Upon phosphorylation, however, the E2P 
intermediate is formed and reacts with SCH 28080. Because the steady state phosphorylation 
level of the E820Q mutant was submaximal and the stability of the complex between E2P and 
SCH 28080 was higher than that of E2P alone, the increase in the phosphorylation level by 
SCH 28080 could be explained. A similar explanation is probably true for the increase in the 
steady-state phosphorylation level of the chimera HN34/56 by ouabain. Indeed, the 
experiments with vanadate in the ATPase reaction and ATP and inorganic phosphate in the 
ouabain-binding assay show the preference of HN34/56 for the E1 conformation. 
Furthermore, the dephosphorylation experiments demonstrate that the phosphorylated 
intermediate of the chimera HN34/56 is stabilized in the presence of ouabain.
The high-affinity binding of ouabain by chimera HN34/56 also is indicated by the low 
ouabain concentration required to replace 50% of bound [ H]ouabain, which is similar to that
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Figure 4.7 [3H]ouabain binding to the chimeras, mutants, and wild-type ATPases. 
Approximately 100 ^g protein was incubated at 21 °C in the presence of 5.0 mM MgCl2, 50 mM 
Tris-acetic acid (pH 7.0), 1.0 mM H3PO4 or 1.0 mM ATP, and 10 nM [ H]ouabain. The 
determined level of bound ouabain was corrected for that of the mock. Shown are mean values 
± SE of three enzyme preparations
o f  p u r if ie d  r a b b it  k id n e y  N a + ,K + - A T P a s e  (d a ta  n o t s h o w n ). It is  a ls o  c le a r  fr o m  th e  I C 50 v a lu e  
o f  2  | iM  in  th e  A T P a s e  r e a c t io n  w h ic h  v a lu e  is  ra th e r  s im ila r  to  th a t m e a s u r e d  f o r  H e L a  c e l ls  
( 0 . 1 -2  ^ M )  (50,53,177). T h is  h ig h  a f f in it y  is  a m a z in g  b e c a u s e  th e  t w o  tr a n s m e m b r a n e  h a irp in s  
o f  N a + ,K + - A T P a s e  o r ig in a te  fr o m  th e  rat a 1- is o fo r m  th a t is  a b o u t  1,000  t im e s  le s s  s e n s it iv e  
th a n  th a t  o f  r a b b it  o r  h u m a n  (177). W e  c a n  o n ly  e x p la in  o u r  f in d in g  b y  a s s u m in g  th a t th e  M 1- 
M 2  h a ir p in  o f  H + ,K + -A T P a s e  c a n  ta k e  o v e r  th e  r o le  o f  th is  h a irp in  in  N a + ,K + -A T P a s e .
T h e  c h a r g e d  a m in o  a c id s  A r g 113 a n d  A s p 124, p r e s e n t  in  ra t N a + ,K + - A T P a s e  a 1, a re  r e s p o n s ib le  
fo r  th e  r e la t iv e  o u a b a in  r e s is ta n c e  c h a r a c te r  o f  th is  e n z y m e  (177). T h e  c o r r e s p o n d in g  a m in o  
a c id s  in  H +, K +- A T P a s e  a re  id e n t ic a l  to  th o s e  in  N a +, K +- A T P a s e  s p e c ie s  th a t  h a v e  a  h ig h  
a f f in it y  fo r  o u a b a in  ( G ln  a n d  A s n ,  r e s p e c t iv e ly ) .  W e  m u ta te d  th e s e  a m in o  a c id s  in  c h im e r a  
H N 34/56  to  th o s e  p r e s e n t  in  th e  rat N a + ,K + - A T P a s e  e n z y m e . T h is  r e s u lte d  in  a  r e d u c t io n  in  
th e  o u a b a in  a f f in it y  o f  th e  c h im e r a  H N 34/56 - Q 127R / N 138D  th a t w a s  s im ila r  to  th e  r e d u c t io n  
in  a f f in it y  o b s e r v e d  w h e n  th e s e  m u ta tio n s  w e r e  p e r fo r m e d  in  N a + ,K + - A T P a s e  (177). T h e  
p r e s e n c e  o f  th e s e  p o la r  u n c h a r g e d  a m in o  a c id s  in  th e  M 1- M 2  lo o p  th u s  e x p la in s  th e  h ig h  
a f f in it y  f o r  o u a b a in  in  c h im e r a  H N 34/5 6 . It h a s  to  b e  m e n tio n e d  th a t  a lth o u g h  th e  f ir s t  
m u ta g e n e s is  s tu d ie s  s u g g e s te d  a  p r im a r y  r o le  o f  th e  M 1- M 2  h a ir p in  in  o u a b a in  b in d in g  to
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Figure 4.8 [3H]ouabain binding to chimera HN34/56 and rat Na+,K+-ATPase R113Q/D124N. 
The enzymes were incubated at 21 °C in the presence of 5.0 mM MgCl2, 50 mM Tris-acetic acid 
(pH 7.0), 1.0 mM ATP, 100 mM NaCl, 10 nM [ H]ouabain, and varying concentrations of 
nonradioactive ouabain. The binding of [ H]ouabain in the absence of nonradioactive ouabain 
was set at 100%: NaKQN, 0.19 ± 0.03 pmol [3H]ouabain mg-1 protein (■); HN34/56, 0.14 ± 0.03
3 -1pmol [ H]ouabain m g protein (O). Results are the average of three enzyme preparations.
Na+,K+-ATPase (10,68,177,179), later studies indicated that other parts of the enzyme are also 
involved in the interaction with ouabain (15,34,35,40,50,71,158,162,202). It has been suggested that the 
overall conformation of the first extracellular loop may influence ouabain sensitivity 
indirectly by altering the stability or structure of the intermediate of the Na+,K+-ATPase 
catalytic cycle that is competent to bind ouabain.
Transmembrane segments M4, M5, and M6 are thought to establish the cation-binding 
pocket, in which movement of hairpin M5-M6 may play a role in active transport (77,133). It has 
been proposed that binding of ouabain to this hairpin inhibits cation transport by 
immobilizing these transmembrane domains (162). Our results support this hypothesis and 
further demonstrate that when in H+,K+-ATPase M5-M6 is replaced by the similar region of 
Na+,K+-ATPase, the resulting chimera (HN56) hardly showed a K+-stimulated 
dephosphorylation activity. When M3-M4 also was replaced (HN34/56), the 
dephosphorylation reaction became stimulated by K+. These results indicate that M3-M4 and 
M5-M6 are in direct interaction with each other and that they fulfill an essential function in 
H+,K+-ATPase and Na+,K+-ATPase. This direct interaction is supported by the 2.6 Â three­
dimensional structure of SERCA1a Ca2+-ATPase (230).
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In the last decade many amino acid substitutions in Na+,K+-ATPase have been shown to 
decrease the ouabain sensitivity (53). The interpretation of this loss of function is fraught with 
difficulties. The major reason for this problem is the question of whether the substitution is 
really directly affecting the ouabain binding. In this study we observed a gain of function that 
is likely to be due to a direct effect. We can conclude that introduction of transmembrane 
hairpins M3-M4 and M5-M6 of Na+,K+-ATPase into H+,K+-ATPase results in the formation 
of a high-affinity ouabain-binding site. Future studies in which amino acids in these regions 
will be substituted can more clearly localize the ouabain-binding site.
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Mutation of aspartate 804 of Na+,K+-ATPase modifies the 
cation binding-pocket and thereby generates a high Na+- 
ATPase activity
Jan B. Koenderink, Herman G.P. Swarts, Harm P.H. Hermsen, Peter H.G.M. Willems 
and Jan Joep H.H.M. De Pont
Biochemistry, August 15, 2000, 9959-9966.

Role of Asp804 in Na+,K+-ATPase
A series of six different mutants (D804A, D804E, D804G, D804N, D804Q, and 
D804S) of aspartate 804 present in transmembrane segment 6 of the ra t Na+,K+- 
ATPase a 1-subunit were prepared and expressed in Sf9 cells using the baculovirus 
expression system. In contrast to the wild-type enzyme all mutants except D804Q 
showed a very high Na+-ATPase activity, which was hardly further stimulated by 
the addition of K+. The ATPase activity of the mutants was already nearly 
maximal at 10 ATP and most of them could be phosphorylated in the absence 
of Na+ at pH 6.0 and 21 oC, suggesting that they strongly prefer the Ei over the E2 
conformation. However, Na+ dose-dependently lowered the steady-state 
phosphorylation level, as a consequence of the increased affinity for Na+ in the 
dephosphorylation reaction of the mutants compared to the wild-type enzyme. 
Conversely, the affinity for K+ in the dephosphorylation reaction was decreased 
for the mutants as compared to that for the wild-type enzyme. When the pH was 
increased or the temperature was decreased, the phosphorylation level of the 
mutants decreased and the Na+ activation in the phosphorylation reaction became 
apparent. It is concluded that upon mutation of aspartate 804 the affinity of the 
cation-binding pocket is changed relatively in favor of Na+ instead of K+, as a 
consequence of which the enzyme has obtained a preference for the E1 
conformation.
Polar, in particular negatively charged, residues present in transmembrane segments of P-type 
ATPases are assumed to play a role in cation binding and transport. Previous studies of our
group with gastric H+,K+-ATPase (90,220,222) have indicated a pivotal role of Glu820, present in
transmembrane domain 6 of the catalytic subunit. A negative charge on this position is 
essential for K+-stimulated dephosphorylation (90). Most interestingly, three neutral mutants 
(E820Q, E820N, and E820A) that had nearly or completely lost their K+ sensitivity showed 
an ATPase activity in the absence of K+ and an increased spontaneous dephosphorylation rate 
(220). This constitutive ATPase activity of these mutants could still be inhibited by the specific 
H+,K+-ATPase inhibitor SCH 28080.
+ 820 These experiments led us to postulate that the empty K -binding pocket, in which Glu plays
a crucial role, inhibits the dephosphorylation process (“inhibited dephosphorylation
hypothesis”). When K+ binds to its pocket the dephosphorylation rate is enhanced, resulting in
a K+-stimulated ATPase reaction. The K+-activation reaction can be mimicked by mutations
820in the binding pocket, which remove the negative charge of Glu .
The catalytic subunits of gastric H+,K+-ATPase and Na+,K+-ATPase are 63% identical. The 
location of negatively charged residues within transmembrane domains is conserved between 
these two ion pumps. Both ATPases form a phosphorylated intermediate, the hydrolysis of 
which is stimulated by K+. It is therefore of importance to know whether the above-mentioned 
hypothesis is also valid for Na+,K+-ATPase.
The residue in Na+,K+-ATPase that is analogous to Glu820 in gastric H+,K+-ATPase is Asp804.
(102,122,153,165,236)Although several mutants of this residue have been prepared before ( , , , , ) , they were 
not analyzed in such a way that they could validate the “inhibited dephosphorylation
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Figure 5.1 Albers-Post reaction schem e for Na+,K+-ATPase. ATP binds to the enzyme with both 
a high and a low affinity. In the presence of high concentrations of ATP the enzyme will first bind 
ATP, after which the conformation will shift from E1 to E2 (steps 1c and 1d). When the ATP 
concentration is low, the enzyme first has to shift to the E1 conformation before ATP will bind 
(steps 1a and 1b). When the enzyme is in the E1 conformation, Na+ is bound and K+ is released 
intracellularly. In the E2 conformation, K+ is bound and Na+ is released extracellularly. The 
postulated way of inhibition by ouabain is also included in the schem e.
hypothesis” for Na+,K+-ATPase. We therefore generated six different mutants of Asp804, 
expressed these in Sf9 cells, and analyzed them similarly as was done for H+,K+-ATPase. As 
guideline for this study, the modified Albers-Post scheme is given in Figure 5.1 (18,147). This 
scheme also includes the mechanism of action of the Na+,K+-ATPase inhibitor ouabain.
Experimental procedures
Expression Constructs - The rat Na+,K+-ATPase ai-subunit cDNA (213) HindIU fragment and the 
sheep Na+,K+-ATPase ß 1-subunit cDNA (211) SmaI and SpeI fragment were ligated into the 
pFastbacdual vector (Life Technologies, Breda, The Netherlands) as described before (116). We used 
the Altered Sites II in vitro mutagenesis systems (Promega, Madison, WI) to introduce the D804A, 
D804E, D804G, D804N, D804Q, and D804S mutations in the a-subunit o f  Na+,K+-ATPase. The total 
sequence was checked by sequencing with the Big Dye kit (Perkin-Elmer, Warrington, Great Britain). 
For mock infections the baculovirus DZ1, only expressing ß-galactosidase, was used (113).
Production of Recombinant Viruses - Competent DH10bac Escherichia coli cells (Life 
Technologies, Breda, The Netherlands) harboring the baculovirus genome (bacmid) and a 
transposition helper vector were transformed with the pFastbacdual transfer vector containing different 
cDNAs. Upon transition between the Tn7 sites in the transfer vector and the bacmid, recombinant
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bacmids were selected and isolated (132). Subsequently, insect Sf9 cells were transfected with 
recombinant bacmids by use o f  Cellfectin reagent (Life Technologies, Breda, The Netherlands). After 
3 days, the recombinant baculoviruses were isolated and used to infect Sf9 cells at a multiplicity o f  
infection o f  0.1. Four days after infection, the amplified viruses were harvested.
Preparation of Membranes - Sf9 cells were grown at 27 °C in 100-ml spinner flask cultures (113). 
For production o f  the ATPases subunits 1.0-1.5 x  106 cells ml-1 were infected at a multiplicity o f  
infection o f  1-3 in Xpress medium (BioWittaker, Walkersville, MD USA) containing 1% ethanol (112) 
and incubated for 4 days. The Sf9 cells were harvested by centrifugation at 2,000 g for 5 min, and 
resuspended at 0 °C in 0.25 M sucrose, 2 mM EDTA and 25 mM Hepes/Tris (pH 7.0). The 
membranes were sonicated twice for 30 s at 60 W  (Branson Power Co., Danbury, CT), after which the 
disrupted cells were centrifuged at 10,000 g for 30 min. The supernatant was recentrifuged at 100,000 
g for 60 min and the pelleted membranes were resuspended in the above-mentioned buffer and stored 
at -2 0  °C.
Protein Determination - Protein was determined by the modified Lowry method described by 
Peterson (173) with bovine serum albumin as a standard.
ATPase Activity Assay - The Na+,K+-ATPase activity was determined by a radiochemical method 
(224). For this purpose Sf9 membranes were added to 100 ^l o f  medium, which contained 1.3 mM 
MgCl2, 0.1 mM EGTA, 0.2 mM EDTA, 2 mM Tris-N3, 50 mM Tris-acetic acid (pH 7.0), 100 ^M Mg- 
[Y-32P]ATP (specific activity 100-500 mCi mmol-1), 10 mM KCl, and 100 mM NaCl. After incubation 
at 37 °C, the reaction was stopped by adding 500 ^l 10% (w/v) charcoal in 6% (w/v) trichloroacetic 
acid, and after incubation at 0 °C the mixture was centrifuged for 30 s (10,000 g). To 200 ^l o f  the 
clear supernatant, containing the liberated inorganic phosphate (32Pi), was added 4 ml o f  OptiFluor 
(Canberra Packard, Tilburg, The Netherlands), and the mixture was analyzed by liquid scintillation 
analysis. Blanks were prepared by incubating o f  the reaction medium in the absence o f  enzyme. The 
specific activity is presented as the difference between the mock (0.32 ±  0.02 ^mol Pi mg-1 protein h-1, 
n = 5) and the expressed enzyme.
Phosphorylation and Dephosphorylation Assays - Sf9 membranes were incubated for 10 s at
21°C in 50 mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2, 0.2 mM EDTA, 100 mM NaCl, 0.5 mg/ml 
C12E8, and 0.1 ^M [y-32P]ATP in a volume o f  60 ^l (90). For dephosphorylation studies, part o f  the 
reaction mixture was diluted 10 times with and without KCl or NaCl and was incubated for an 
additional 3 s. This dephosphorylation solution contained nonradioactive ATP (final concentration 1 
mM), in order to prevent rephosphorylation with radioactive ATP. Thereafter, adding 5% 
trichloroacetic acid in 0.1 M phosphoric acid stopped the reaction and the phosphorylated protein was 
collected by filtration over a 0.8-^m membrane filter (Schleicher and Schuell, Dassel, Germany). 
After repeated washing the filters were analyzed by liquid scintillation analysis. The phosphorylation 
levels o f  the mutants and the wild-type Na+,K+-ATPase were corrected for that o f  mock-infected cells 
(~1.5 pmol EP mg-1 protein). The calculated turnover for the wild-type Na+,K+-ATPase was about 
9000 min-1, which is close to that o f  the isolated enzyme (172).
Calculations - The IC50 value is defined as the value giving 50% inhibition o f  the maximal 
activation. Data are presented as mean values with standard error o f  the mean.
Materials - The cDNA o f the rat Na+,K+-ATPase a 1-subunit and cDNA o f  the sheep Na+,K+-ATPase 
ß 1-subunit were provided by Dr. J.B. Lingrel (Cincinnati). Cellfectin, competent DH10bac E. coli 
cells, and all enzymes used for DNA cloning were purchased from Life Technologies Inc. (Breda, The 
Netherlands). [y-32P]ATP (3000 Ci mmol-1) was purchased from Amersham (Buckinghamshire, United 
Kingdom).
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Results
The aspartate (D) 804 residue present in the a-subunit of Na+,K+-ATPase was replaced either 
by an alanine (A), glutamate (E), glycine (G), asparagine (N), glutamine (Q), or serine (S) 
residue. These mutants and the wild-type Na+,K+-ATPase were expressed in Sf9 insect cells 
by use of the baculovirus expression system. The membrane fractions of these Sf9 cells were 
isolated and Western blot analysis revealed that the level of expression of the mutant ATPases 
was similar to that of the wild-type Na+,K+-ATPase (data not shown).
The ATPase activity present in membranes of Sf9 cells expressing recombinant Na+,K+- 
ATPase originates from both recombinant and endogenous Na+,K+-ATPase. To measure 
specifically recombinant Na+,K+-ATPase activity, the obtained values were corrected for 
those of mock-infected cells (116). ATPase activity was measured in the presence of 100 
ATP and the absence and presence of 10 mM K+ and/or 100 mM Na+ at 37 °C and pH 7.0 
(Figure 5.2). Under these conditions the wild-type Na+,K+-ATPase possessed an ATPase 
activity of 0.63 ± 0.08 |imol Pi mg-1 protein h-1 (n = 4) in the presence of both K+ and Na+. 
When one of these two cations was omitted the ATPase activity was virtually absent.
The D804A mutant showed already a significant ATPase activity in the absence of added Na+ 
and K+ (0.33 ± 0.04 |imol Pi mg-1 protein h-1, n = 4). The activity only slightly increased upon 
addition of K+. However, in contrast to the wild type, a marked stimulation was observed after
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Figure 5.2 Cation dependency of the ATPase activity of the mutant and wild-type Na+,K+- 
ATPases. The assay was performed at 37 °C in the presence of 50 mM Tris-acetic acid (pH 
7.0), 1.3 mM MgCl2, 0.1 mM EGTA, 0.2 mM EDTA, 2 mM Tris-N3, and 100 pM ATP. Depending 
on the condition described in the figure, 10 mM KCl and/or 100 mM NaCl was included in the 
incubation medium. In parallel experiments, the ATPase activity of membranes of mock-infected 
Sf9 cells was measured, and the results obtained with the mutants and the wild-type enzyme 
were corrected for those of mock-infected cells. The values presented are the mean ± SE of 
three enzyme preparations.
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Figure 5.3 ATP dependence of the ATPase activity of the wild-type Na+,K+-ATPase (A) and the 
D804A mutant (B). The assay was performed at 37 °C in the presence of 50 mM Tris-acetic 
acid (pH 7.0), 1.3 mM MgCh, 0.1 mM EGTA, 0.2 mM EDTA, 2 mM Tris-N3, and Mg-ATP 
concentrations between 0,1 and 3000 ^M. The following symbols were used: □ , no monovalent 
cations added; ■ , 10 mM KCl added; O, 100 mM NaCl added; • ,  10 mM KCl and 100 mM 
NaCl added. The ATPase activity is presented as the measured activity minus that of mock- 
infected cells.
addition of Na+ alone (2.10 ± 0.35 |imol Pi mg-1 protein h-1, n = 4). K+ further increased this 
activity up to 2.74 ± 0.44 |imol Pi mg-1 protein h-1 (n = 4). The mutants D804E, D804G, and 
D804N showed no measurable ATPase activity in the absence of cations or in the presence of 
K+ alone. However, similarly to the D804A mutant, these mutants possessed already a 
significant ATPase activity of 0.1-0.2 |imol Pi mg-1 protein h-1 in the presence of Na+ alone. 
The ATPase activities of these mutants slightly increased when K+ was also present. The 
D804S mutant possessed a small ATPase activity in the absence of Na+. This activity was 
markedly increased by the addition of Na+ to 0.73 ± 0.10 |imol Pi mg-1 protein h-1 (n = 3) and 
could not be further enhanced by K+. Finally, the D804Q mutant did not show any ATPase 
activity in the absence or presence of either Na+ or K+ or the combination of these cations.
The ATPase activity of the D804A mutant in the presence of Na+ and K+ was about 4 times 
that of the wild-type enzyme. Since 100 ^M ATP was suboptimal for the wild-type Na+,K+- 
ATPase, we measured the ATP dependence for both the wild-type and the D804A mutant 
with and without K+ and/or Na+ (Figure 5.3). The ATPase activity of the wild-type enzyme in 
the presence of both Na+ and K+ strongly increased upon increasing of the ATP concentration 
(Figure 5.3A). In the absence of one or both of these ions the ATPase activity was 
undetectable up to 300 |iM ATP. The ATPase activity of the D804A mutant in the presence of 
Na+ or the combination of Na+ and K+ was already nearly maximal at 10 |iM ATP (Figure 
5.3B). Apparently, this mutant has a very high ATP affinity in the ATPase reaction in the 
presence of Na+. In the absence of Na+, an increase in the ATP concentration up to 1 mM 
stimulated the relatively low ATPase activity by a factor of 3-4. The ATPase activity of the
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Figure 5.4 Na and K dependence of the ATPase activity of the wild-type Na ,K -ATPase and 
the D804A mutant. The assay was performed at 37 °C in the presence of 50 mM Tris acetic 
acid (pH 7.0), 1.3 mM MgCfe, 0.1 mM EGTA, 0.2 mM EDTA, 2 mM Tris-N3, and 1 mM Mg-ATP. 
In panel A, no KCl was present and different concentrations of NaCl (0.01-300 mM) were 
added. In panel B, no NaCl was present and different concentrations of KCl (0.01-300 mM) 
were added. In panel C, 10 mM KCl was present and different concentrations of NaCl (0.01-300 
mM) were added. In panel D, 100 mM NaCl was present and different concentrations of KCl 
(0.01-300 mM) were added. The results with the wild-type enzyme are indicated with solid 
circles ( • )  and those with the D804A mutant with open circles (O). The ATPase activity is 
presented as the measured activity minus that of mock-infected cells.
other mutants was also measured at 10 mM K+, 100 mM Na+, and 1 mM ATP, but there was 
hardly any stimulation of the activity compared to that at 100 ^M ATP as presented in Figure 
5.2 (data not shown).
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Figure 5.5 Steady-state phosphorylation level of mutants and wild-type Na+,K+-ATPases at 
different concentrations of Na+. Membrane preparations of the mutant and wild-type Na+,K+- 
ATPase were preincubated for at least 10 min at 21 °C in the presence of 50 mM Tris-acetic 
acid (pH 6.0), 1.2 mM MgCl2, 0.2 mM EDTA, and the indicated NaCl concentrations. After 
phosphorylation for 10 s at 21 °C with 0.1 ^M [y-32P]ATP in the presence of 0.5 mg/ml C12E8, the 
phosphorylation level was determined and corrected for that of the mock-infected cells. Wild­
type, wt (▼); D804A, A (■); D804E, E (□); D804G, G (• ) ;  D804N, N (O); D804Q, Q (▲); 
D804S, S (A). Mean values of two enzyme preparations are given.
The cation dependence of both the wild-type enzyme and the D804A mutant was further 
investigated with 1 mM Mg-ATP. In the absence of cations, the ATPase activity of the wild­
type enzyme was only ~ 0.2 |imol Pi mg-1 protein h-1 and addition of either Na+ (Figure 5.4A) 
or K+ (Figure 5.4B) did not significantly affect this activity. The D804A mutant had an 
activity of ~ 0.7 ^mol Pi mg-1 protein h-1 that was not affected by K+ but was markedly 
increased by Na+ at concentrations of 3 mM and higher, reaching a maximal value of 2.0 
|imol Pi mg-1 protein h-1 at 100 mM Na+. In the presence of 10 mM K+, the ATPase activity of 
the wild-type enzyme was stimulated by Na+, reaching a maximal activity of 1.6 |imol Pi mg-1 
protein h-1 at 40-100 mM Na+ (Figure 5.4C). In both cases, high Na+ concentrations inhibited 
the turnover of the enzyme. K+ drastically stimulated the very low ATPase activity of the 
wild-type enzyme in the presence of 100 mM Na+ (Figure 5.4D). At K+ concentrations above 
30 mM, the ATPase activity decreased again. The high ATPase activity of the D804A mutant 
in the presence of 100 mM Na+ was increased by K+ from 2.0 to 2.8 |imol Pi mg-1 protein h-1. 
At K+ concentrations above 10 mM the ATPase activity of the D804A mutant progressively 
decreased, like that of the wild-type enzyme.
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Figure 5.6 Effect of ouabain on the Na+-dependent steady-state phosphorylation level of the
wild-type enzyme and the D804A mutant. Membrane preparations of the mutant D804A and 
wild-type Na+,K+-ATPase were preincubated for at least 10 min at 21 °C in the presence of 50 
mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2, 0.2 mM EDTA, and the indicated NaCl 
concentrations with (O) and without ( • )  1 mM ouabain. After phosphorylation for 10 s  at 21 °C
32with 0.1 ^M [y- P]ATP in the presence of 0.5 mg/ml C12E8, the phosphorylation level was 
determined and corrected for that of the mock-infected cells.
To investigate if the measured ATPase activity of the D804A mutant is inhibitable by 
ouabain, we determined the IC50 for this inhibitor. The IC50 value for the wild-type enzyme 
determined in the presence of 100 ATP, 100 mM Na+, and 10 mM K+ was 147 |iM (data 
not shown). This relatively high value is in agreement with the low sensitivity of the rat a 1- 
subunit for ouabain (177). The ATPase activity of the D804A mutant in the presence of 100 
mM Na+ alone or the combination of 100 mM Na+ and 10 mM K+ could also be inhibited by 
ouabain (IC50 values of 25 and 31 |iM, respectively). In the wild-type enzyme K+ competes 
with the ouabain binding. This K+-ouabain antagonism is probably less prominent in the 
D804A mutant.
In the presence of Na+ and ATP Na+,K+-ATPase forms a phosphorylated intermediate, which 
accumulates in the absence of K+ (Figure 5.1). We measured the phosphorylation capacity of 
the wild-type enzyme and the Asp804 mutants in the absence of K+ and the presence of 0.1 ^M 
ATP and varying concentrations of Na+ at 21 °C and pH 6.0 (Figure 5.5). The ATP 
concentration used (0.1 ^M ATP) was about eight times the K05 of ATP (116).
Phosphorylation of the wild-type Na+,K+-ATPase was nearly absent in the absence of added 
Na+ and was stimulated by this cation up to a maximal level of 3.0 pmol EP mg-1 protein at 
100 mM Na+. Surprisingly, the D804A mutant was already phosphorylated in the absence of 
added Na+ to a level of 10.4 pmol EP mg-1 protein. With increasing Na+ concentration the 
phosphorylation level of this mutant decreased to 3.2 pmol EP mg-1 protein at 100 mM Na+. 
The same pattern of Na+ dependence was observed with the D804S and D804G mutants, 
although the obtained phosphorylation levels were much lower. The phosphorylation level of
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Figure 5.7 Dephosphorylation of the phosphorylated intermediate of the wild-type enzyme and 
the Asp804 mutants. The membrane preparations were preincubated for at least 10 min at 21 oC 
in the presence of 10 mM NaCl, 50 mM Tris-acetic acid (pH 6.0), 1.2 mM MgCl2, and 0.2 mM
32EDTA. Next they were phosphorylated for 10 s with 0.1 ^M [y- P]ATP in the presence of 0.5 
mg/ml C12E8. In the dephosphorylation reaction the initial NaCl concentration was diluted to 1 
mM. Dephosphorylation was started by addition of excess (1 mM) non-radioactive ATP without 
added cations (open bars), or with 10 mM NaCl (gray bars), 100 mM NaCl (hatched bars), 1 mM 
KCl (crosshatched bars), or 10 mM KCl (solid bars). Samples were taken immediately before 
dephosphorylation and 3 s after the start of the dephosphorylation step. The results obtained 
were corrected for those of mock-infected cells. The following phosphorylation levels were 
obtained after 10 s of phosphorylation in the presence of 10 mM NaCl: Wild-type, 2.9 pmol mg-1 
protein; D804A, 7.9 pmol mg-1 protein; D804E, 1.3 pmol mg-1 protein; D804G, 3.0 pmol mg-1 
protein; D804Q, 5.6 pmol mg-1 protein; D804S, 2.8 pmol mg-1 protein. The residual 
phosphorylation level was expressed as the percentage of the phosphorylation level before the 
start of the dephosphorylation step and is given as mean ± SE of two to three enzyme 
preparations. The addition of NaCl or KCl significantly (p < 0.05) lowered the spontaneous 
dephosphorylation level of all preparations, except for the wild type with NaCl and the D804Q 
with NaCl and KCl.
th e  D 804E  m u ta n t in  th e  a b s e n c e  o f  N a+  w a s  ra th e r  l o w  ( 1.4 p m o l E P  m g -1 p r o te in )  a n d  a g a in  
it  w a s  d e c r e a s e d  a t 100  m M  N a+  (0.7  p m o l E P  m g -1 p r o te in ) . T h e  D 804N  m u ta n t d id  n o t  fo r m  
s ig n if ic a n t  a m o u n ts  o f  p h o s p h o r y la te d  in te r m e d ia te . T h e  p h o s p h o r y la t io n  le v e l  o f  th e  D 80 4 Q  
m u ta n t w a s  4.4  p m o l E P  m g -1 p r o te in  in  th e  a b s e n c e  o f  N a+ . H o w e v e r ,  w it h  th is  m u ta n t th e  
p h o s p h o r y la t io n  le v e l  d id  n o t  d e c r e a s e  b u t  s l ig h t ly  in c r e a s e d  u p o n  a d d itio n  o f  N a+.
In  th e  p r e s e n c e  o f  1 m M  o u a b a in  th e  d o s e -r e s p o n s e  c u r v e  f o r  th e  e f f e c t  o f  N a+  o n  th e  
p h o s p h o r y la t io n  o f  th e  w i ld - t y p e  e n z y m e  w a s  s l ig h t ly  lo w e r e d  a n d  s h ifte d  to  th e  r ig h t  (F ig u r e  
5 .6A ) .  T h e  p h o s p h o r y la t io n  p r o c e s s  w a s  o n ly  p a r t ia l ly  in h ib ite d , b e c a u s e  o f  th e  u s e  o f  rat 
N a + ,K + - A T P a s e  a 1-s u b u n it , w h ic h  is  ra th e r  in s e n s it iv e  to w a r d  o u a b a in  (177). T h e  D 804 A
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mutant gave already a high steady-state phosphorylation level in the absence of added Na+, 
and the steady-state phosphorylation level was dose-dependently lowered by this cation. This 
Na+-dependent decrease did not occur in the presence of 1 mM ouabain (Figure 5.6B). The 
most likely explanation for this effect is the formation of a relatively stable E2Pouabain 
complex (see Figure 5.1). Whereas Na+ can stimulate the hydrolysis of E2P (76), although with 
a much lower affinity than K+, it is hardly able to dephosphorylate the E2Pouabain complex. 
The dephosphorylation of the labelled phosphoenzymes was studied at pH 6.0 and 21 °C, in 
the presence of 1 mM unlabelled ATP to prevent rephosphorylation with labeled ATP (90). 
Next to the spontaneous dephosphorylation, the effects of Na+ (10 and 100 mM) and K+ (1 
and 10 mM) were investigated. In the absence of added cations the residual phosphorylation 
level of the wild-type enzyme decreased to 75% of the original level in 3 s (Figure 5.7). K+ 
already maximally increased the dephosphorylation rate at 1 mM, resulting in a residual 
phosphorylation level of less than 5%. Na+ slightly stimulated the dephosphorylation rate of 
the wild-type enzyme, but only at a concentration of 100 mM. Compared to the wild-type 
enzyme, the D804A mutant displayed a rather similar basal dephosphorylation rate, while K+ 
was less potent and Na+ was more potent. The D804E, D804G, and D804S mutants behaved 
rather similarly as the D804A mutant. The D804Q mutant, however, was hardly 
dephosphorylated under the different conditions. This explains why this mutant did not show 
any ATPase activity (Figure 5.2).
Since the D804A mutant showed a very high phosphorylation level in the absence of added 
Na+, we investigated the phosphorylation characteristics of this mutant in more detail. Figure 
5.8A shows the effect of monovalent cations on the steady-state phosphorylation level of the 
D804A mutant. Choline+ (HOCH2CH2N+(CH3)3) had no effect, while K+ decreased this level 
at low concentrations (IC50 = 0.2 mM), probably both by prevention of the phosphorylation 
reaction and by stimulation of the dephosphorylation rate. Na+ decreased the steady-state 
phosphorylation level, but at much higher concentrations than K+ (IC50 = 20 mM). Since Na+ 
increases the phosphorylation level of the wild-type enzyme, the decrease of the 
phosphorylation level of the D804A mutant by Na+ is likely due to stimulation of the 
dephosphorylation rate (203), as is also shown in Figure 5.7. The decrease of the steady-state 
phosphorylation level by K+ could not be antagonized by Na+ (Figure 5.8B). Low 
concentrations of Na+ did not increase the phosphorylation level, while high Na+ 
concentrations, like K+, decreased the phosphorylation level.
All phosphorylation experiments were performed at pH 6.0 and 21 °C. Upon increasing the 
pH to 7.0 and 8.0, the steady-state phosphorylation level in the absence of Na+ decreased 
(Figure 5.8C). Under these conditions, however, 1 mM Na+ could increase the 
phosphorylation level to about the same level as obtained at pH 6.0. A similar effect was 
observed when the incubation temperature was decreased (Figure 5.8D). At 0 °C and pH 7.0 
apparently no phosphorylated intermediate was formed in the absence of Na+. Only in the 
presence of Na+ did the phosphorylation level increase, reaching a maximal level at 3 mM
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Figure 5.8 Phosphorylation capacity of the D804A mutant with different concentrations of K+ 
and Na+ at various temperature and pH values. Membrane preparations of the mutant Na+,K+- 
ATPase were preincubated for at least 10 min at 21 °C, unless indicated otherwise, in the 
presence of 50 mM Tris-acetic acid (pH 6.0, unless indicated otherwise), 1.2 mM MgCl2, 0.2 mM 
EDTA, and the indicated choline chloride, KCl, and NaCl concentrations. After phosphorylation 
for 10 s at 21 °C (unless indicated otherwise) with 0.1 ^M ATP, the phosphorylation level was 
determined and corrected for that of mock-infected cells (panel A) or for that in the presence of 
10 mM KCl (panels B-D). Panel A demonstrates the effect of NaCl (O), KCl ( • ) ,  and choline 
chloride (□ ) on the phosphorylation level of the D804A mutant at pH 6.0 and 21 °C. Panel B 
demonstrates the effect of NaCl on the phosphorylation level of D804A in presence of 0 mM KCl 
( • ) ,  0.1 mM KCl (O), and 1 mM KCl (□ ) at pH 6.0 and 21 °C. Panel C demonstrates the effect 
of NaCl on the phosphorylation level at pH values of 6.0 ( • ) ,  7.0 (□), and 8.0 (O) at 21 °C. 
Panel D demonstrates the effect of NaCl on the phosphorylation level at pH 7.0 and 30 °C ( • ) ,  
20 °C (□), 10 °C (O), and 0 °C (■).
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Na+, which was virtually similar to the phosphorylation level at 30 °C in the absence of added 
Na+. Eventually, at high Na+ concentrations the phosphorylation level decreased again. At 10 
°C and 20 °C the results were intermediate between those at 0 °C and 30 °C. Similar 
temperature dependence was seen at pH 6.0 and 8.0 (data not shown).
Discussion
The purpose of the present study was to investigate whether site-directed mutagenesis of 
Asp804 in the a-subunit of Na+,K+-ATPase could yield mutants with a constitutive ATPase 
activity. Similar mutations in gastric H+,K+-ATPase on the corresponding residue Glu820 have 
given such results (220). Constitutive ATPase activity for H+,K+-ATPase was defined as the 
ATPase activity without the addition of monovalent cations. Because H+ is always present in 
the reaction mixture, constitutive activity for H+,K+-ATPase is comparable with Na+-ATPase 
activity for Na+,K+-ATPase. Indeed all of the Asp804 mutants (except D804Q) showed a high 
Na+-ATPase activity, thereby confirming that the empty K+-binding pocket, in which Asp804 
plays a crucial role, inhibits the dephosphorylation process (inhibited dephosphorylation 
hypothesis).
The Sf9 insect cells used in the present study possess a minor amount of endogenous Na+,K+- 
ATPase (specific activity ~ 0.1 |imol Pi mg-1 protein h-1). The viral infection of the insect 
cells leads to a blockage of synthesis of endogenous proteins and thus of Na+,K+-ATPase 12 h 
postinfection (159), whereas the production of recombinant Na+,K+-ATPase starts very late 
(after 12 h) in the viral infection cycle. If oligomerization between two a-subunits occurs, it is 
unlikely that it would occur between a-subunits, which are synthesized at different time 
points. We expressed the D804A and D804S a-subunits without ß-subunit and did not find 
any ATPase activity above that of the mock experiment (data not shown). Furthermore, 
Martin et al. (139) demonstrated that in microsomes of duct salt glands Na+,K+-ATPase is 
present as a monomer and that oligomer formation has no significant effect on the enzyme 
reaction mechanism. Therefore, we conclude that, in the baculovirus expression system, 
interaction between endogenous and recombinant Na+,K+-ATPase is not likely to occur.
The present study yielded interesting and in part surprising results. Whereas for maximal 
phosphorylation of the wild-type Na+,K+-ATPase 100 mM Na+ was required, most of the 
produced mutants (D804A, D804E, D804S, D804G, and D804Q) phosphorylated in the 
absence of added Na+. Addition of this cation even resulted in a lowering of the 
phosphorylation level for most of these mutants. This reduction of the phosphorylation level 
can be explained by a K+-like effect of Na+, since similar Na+ concentrations stimulate the 
dephosphorylation of the phosphorylated intermediate (this study and ref. 76).
The high phosphorylation level of the D804A mutant in the absence of added Na+ can in 
principle be explained in three ways. First, H+ may substitute for Na+, since at low pH values 
the phosphorylation of the mutant enzyme is stimulated. On the other hand the mutated 
binding pocket may have such a high affinity for Na+ that it could not be measured under the 
assay conditions (the incubation media contained 5-10 |iM Na+). By increasing the pH or 
decreasing the temperature, the activation by Na+ became apparent. A final possibility is that 
the mutated Na+ binding pocket is in a constitutively active conformation, which can be
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influenced by a change in pH or temperature. The presented data do not favor one of these 
possibilities.
The basal ATPase activity (without added K+ and Na+) of the D804A mutant is probably 
initiated by the spontaneous phosphorylation, assuming that the rates of the spontaneous 
dephosphorylation and the E2 ^  E1 conversion are sufficiently high. This constitutive activity 
is enhanced by increasing the ATP concentration, suggesting that the E2 ^  E1 conversion is 
via the E2ATP intermediate (Figure 5.1, steps 1c and 1d). The basal ATPase activity of the 
D804A mutant was hardly increased by K+, indicating that the dephosphorylation step was 
not rate-limiting under these conditions.
The ATPase reaction rate of this mutant, however, was stimulated by the addition of Na+ at all 
ATP concentrations. This stimulatory effect of Na+ has no direct relation to the 
phosphorylation reaction, since under these conditions submicromolar amounts of Na+ were 
sufficient for phosphorylation of the D804A mutant. The stimulatory effect of Na+ can also 
not be explained by a K+-like effect of Na+ on the dephosphorylation reaction alone, since 
with K+ alone the ATPase activity was not stimulated. It is most likely that the main effect of 
Na+ is a combination of two processes. First Na+, like K+, stimulates the dephosphorylation; 
Second, K+, unlike Na+, inhibits the E2 ^  E1ATP conversion through E1 (steps 1a and 1b). 
This also explains why the rate of the ATPase reaction is already maximal at 100 |iM ATP. 
Addition of K+ in the presence of 100 mM Na+ increases the ATPase activity independently 
of the ATP concentration used. This suggests that the dephosphorylation reaction is further 
stimulated, which under these conditions (high E2 ^  E1 rate) contributes to the overall 
reaction rate.
ATP concentrations between 10 |iM and 3 mM did not increase the ATPase activity of the 
D804A mutant with either Na+ alone or with the combination of Na+ and K+. This suggests 
that in the presence of these ions for this mutant the pathway via E2 ATP (Figure 5.1, steps 1c 
and 1d), even at high ATP concentrations, is much slower than via E1 (steps 1a and 1b). Due 
to a change in the Na+-binding pocket, step 1a is preferred over step 1c, leading to an enzyme 
in which the low-affinity ATP binding site is apparently absent. In the wild-type enzyme the 
situation is opposite: the rate of the route through E1 is very slow and ATP can enhance the 
reaction rate by speeding up the reaction rate through E2 ATP.
Although we only investigated the D804A mutant in detail the qualitative behaviour of most 
other mutants in the ATPase reaction is similar to that of D804A. All these mutants have no 
or a very low (D804S) ATPase activity in the absence of added Na+. Most of them have high 
Na+-ATPase activity that cannot or only slightly be stimulated by additional K+ or ATP. 
Quantitatively there is a large difference in the sense that the ATPase activity of all other 
mutants is much lower than that of the D804A mutant. The D804Q mutant does not show 
significant ATPase activity at any condition but could be phosphorylated by ATP. The 
phosphorylation level even increased in the presence of 10 mM Na+. The phosphorylated 
intermediate of this mutant is very stable and neither K+ nor Na+ can stimulate the 
dephosphorylation process. This suggests that the mutation has modified the K+-binding site 
such that cation binding can no longer occur.
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Some of the mutants used in this study have been investigated before in other systems. The 
Na+,K+-ATPase D804A, D804E, and D804N mutants transfected in ouabain-sensitive HeLa 
cells were not able to confer ouabain resistance to these cells, suggesting that they were not 
active. When the mutants were expressed in a mouse cell line, where ouabain binding was 
utilized to probe the exogenous protein, K+ was no longer able to compete with ouabain 
binding (122). In the present study we also demonstrate that the K+-ouabain antagonism is less. 
Pedersen et al. (-165-) found similar effects of K+ on ouabain binding for the D804N and D804E 
mutants expressed in yeast (165). High-affinity ATP and ouabain binding, as well as E1-E2 
transitions, were preserved when Asp804 was mutated (165). Studies of K+ ion-dependent 
displacement of ATP or ouabain are consistent with the postulate that Asp804-mutated enzyme 
does not occlude K+ in the E2K conformation and also suggest that Asp804 may contribute to 
coordination of Na+ as well as K+ (165). The D804N and D804E mutants were also not able to 
show high-affinity occlusion of Tl+ (153). In contrast to what was found in the present study, 
the D804N mutant showed Na+-stimulated ATP phosphorylation to a level of 70% that of the 
wild type, although the Na+-affinity was reduced 26-fold (165). Probably due to this low Na+- 
affinity, we were not able to measure any phosphorylated intermediate.
Our results indicate that replacement of Asp804 by an alanine residue changes the Na+-binding 
pocket considerably. Without knowledge of the three-dimensional structure of the Na+- 
binding pocket, it is difficult to understand how this might occur. Obviously, Na+ can 
substitute for K+ in the dephosphorylation reaction. In the wild-type enzyme K+ is released 
from the binding pocket, after which Na+ is bound and the conformation of the enzyme is 
shifted to the E1 conformation. In the D804A mutant Na+ might already be present in the 
cation-binding pocket after the dephosphorylation step. Therefore the enzyme can shift 
quickly to the E1 conformation. This hypothesis is supported by the fact that all the other 
mutants (D804E, D804G, and D804S) that have high Na+-ATPase activity also have a high 
Na+-stimulated dephosphorylation reaction. A similar effect has been described for the E779A 
mutant, which is probably also part of the cation-binding pocket (8). Similarly to what we have 
observed for Na+,K+-ATPase, most of the H+,K+-ATPase Glu820 mutants possess high ATPase 
activity in the absence of K+ (220), indicating that H+ may have taken over the role of K+. The 
findings reported here suggest a direct role of the Na+,K+-ATPase aspartate residue 804 and 
the H+,K+-ATPase glutamate residue 820 in the selectivity for cations. When the Na+,K+- 
ATPase 804 residue is mutated, the dephosphorylation reaction becomes relatively less K+- 
sensitive and more Na+-sensitive as compared to the wild-type enzyme, resulting in a high 
preference for the E1 conformation.
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General discussion and summary
Hybrids and chimeras o f Na+,K+-ATPase and H+,K+-ATPase
The Na+,K+-ATPase and gastric H+,K+-ATPase belong to the class o f P-type ATPases, which 
use the energy from ATP for active transport o f ions. Although both X+,K+-ATPases share 
many similarities, they have different ion specificities (Na+ vs H+) and different affinities for 
specific inhibitors (ouabain vs SCH 28080). In our group, we aim to contribute to the 
understanding of the mechanism o f action o f P-type ATPases. This thesis describes the 
identification o f regions specific for cation transport function and drug interaction. How do 
these enzymes discriminate between the different cations transported? W hat determines the 
specific binding o f an inhibitor? It is likely that the binding sites for ions and for certain 
inhibitory drugs are located within or close to transmembrane segments. By making chimeras 
of the a-subunits o f Na+,K+-ATPase and H+,K+-ATPase, information can be obtained about 
transmembrane segments, that could be responsible for the inhibitor and cation specificity.
The recombinant baculovirus expression system was used to express Na+,K+-ATPase, H+,K+- 
ATPase, their hybrids and chimeras in insect cells. Basis for this system is the Autographa 
californica multiple nuclear polyhedrosis virus, which infects insect larvae o f the fall 
armyworm Spodoptera frugiperda . The genes to be expressed were first cloned into a donor 
plasmid downstream of a baculovirus promoter. This donor plasmid was then introduced into
E. coli cells harbouring the baculovirus genome as a shuttle vector (bacmid) and a 
transposition helper vector. Upon site-specific transposition between the donor vector and the 
bacmid, recombinant bacmids were selected and isolated. Subsequently, insect cells were 
transfected with these bacmids and the recombinant baculoviruses were harvested. These 
recombinant viruses could be used directly for production o f recombinant proteins. The 
membrane fractions o f the insect cells expressing the recombinant proteins were isolated and 
W estern blot analysis revealed comparable expression patterns. Both Na+,K+-ATPase and 
H+,K+-ATPase a-subunits had an apparent molecular mass o f about 100 kDa. The ß-subunits 
possessed a carbohydrate-free and a core-glycosylated form. The carbohydrate-free form of 
N a+,K+-ATPase was o f a similar molecular mass as the carbohydrate-free H +,K+-ATPase ß- 
subunit, but the core-glycosylated Na+,K+-ATPase ß-subunit had a lower apparent molecular 
mass than that o f H+,K+-ATPase, due to the presence o f only three glycosylation sites in this 
subunit in contrast to the seven glycosylation sites present in the H+,K+-ATPase ß-subunit. 
The molecular mass o f all a-subunits expressed was similar to that o f the isolated a-subunits. 
However, the recombinant ß-subunits were less glycosylated than the isolated ß-subunits, as 
has been reported before (59,60,111,113). Expression levels o f the subunits o f each hybrid or 
chimeric ATPase were in general comparable to those o f Na+,K+-ATPase and H+,K+-ATPase. 
In order to investigate a -  and ß-subunit interactions, cation-binding sites and inhibitor- 
binding sites more than 40 different recombinant baculoviruses were generated (most of 
which are depicted in Figure 6.1) and the expressed ATPases were analysed.
Assembly o f a -  and ß-subunits is a crucial step in the formation o f active X+,K+-ATPases. 
Although the similarity o f the a-subunits is almost 70%, the ß-subunits are only 30% 
identical. The ß-subunits o f Na+,K+-ATPase and H+,K+-ATPase are involved in correct 
folding (78) of the a-subunits. In addition the ß-subunit o f H+,K+-ATPase plays a role in
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Figure 6.1 Schematic representation of the produced hybrids, chimeras and wild type 
enzymes. The open bars represent H+,K+-ATPase sequences, and the solid bars represent 
Na+,K+-ATPase sequences. Unique restriction sites were introduced or present at amino acids 
Leu105 (HK), Leu91 (NaK), Muni, Lys171 (HK), Lys157 (NaK), Drai; Ile293 (HK), Ile279 (NaK), Pvul; 
Leu346 (HK), Leu332 (NaK), NheI; Ala519 (HK), Ala505 (NaK), Nari; Leu776 (HK), Leu762 (NaK), 
Vspi; Arg846 (HK), Arg832 (NaK), Ssfll; Arg949 (HK), Arg935 (NaK), Mlui. The circles indicate 
mutations at amino acid positions 127, 138 (HK) and 113, 124 (NaK).
endocytosis o f the enzyme (43), that overcomes continuous gastric acid secretion. In order to 
investigate the interaction between the a -  the ß-subunits o f these transport systems more 
closely we expressed two hybrid enzymes (N aKaHK ß, H K aN aK ß) in insect cells (chapter 
2). In the hybrid ATPases the subunits cross-assembled as shown in co-immunoprecipitation 
experiments. However, for both hybrid ATPases there seemed to be less coprecipitated ß- 
subunits compared to the wild type enzymes, indicating a less efficient assembly between the 
a -  and ß-subunits o f the hybrid ATPases. This could be due to differences in the amino acid 
composition or to differences in glycosylation levels between the two ß-subunits. 
Furthermore, we determined that both hybrid ATPases possessed a low ATPase activity 
which was about 10% of the activity o f recombinant N a ,K - ATPase or H , K - ATPase. A 
less efficient subunit assembly is probably the reason for this lower ATPase activity. W hen
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the N a ,K -A T P a se  ß-subunit was replaced by the H ,K -A T P a se  ß-subunit the apparent K -  
affinity in the ATPase reaction decreased similarly as has been reported in ouabain binding 
experiments by Eakle et al. (65). In contrast, the apparent K -affin ity  o f the complementary 
hybrid ATPase was increased as compared to that o f H ,K -A T P a se . The hybrid ATPase 
N aK aH K ß was phosphorylated to 21% of the N a ,K -ATPase phosphorylation level. 
Surprisingly, with the hybrid H K aN aK ß we were not able to measure any specific 
phosphorylation. Indeed, H K aN aK ß has an increased apparent K+ affinity, which could 
reduce the amount o f phosphoenzyme. Thus both N a ,K -A T P a se  and H ,K -A T P a se  require 
their own ß-subunits for optimal activity. W hen the ß-subunits are exchanged, the enzyme 
activity decreases and the apparent K+ affinity o f both hybrid ATPases is modified. It has 
been demonstrated that the binding region for the ß-subunit is located in the C-terminal region 
o f both the Na+,K+-ATPase and H+,K+-ATPase a-subunits (49,129,142,244). Hence, an optimal 
assembly between chimeric a-subunits and the H+,K+-ATPase ß-subunit could be ensured 
through the presence o f the C-terminal 187 amino acids o f the H+,K+-ATPase a-subunit. This
finding has been applied in all chimeras described in chapter 3 and 4.
2+The crystal structure o f SERCA1a Ca -ATPase revealed all residues that coordinate the two 
Ca2+ atoms (230). According to this model, the complete cation binding pocket o f H+,K+- 
ATPase should have been replaced by that o f Na+,K+-ATPase when both transmembrane 
hairpins M3-M4 and M5-M6 were exchanged. This chimera (HN34/56), however, possessed 
an (H+,)K+-ATPase activity that could not be stimulated by Na+. Therefore, it is not likely that 
only these residues are responsible for the Na+ specificity o f N a+,K+-ATPase. Therefore we 
prepared a series o f chimeras o f Na+,K+-ATPase and H+,K+-ATPase that all contained the C- 
terminal amino acids and the ß-subunit o f H+,K+-ATPase and a gradually increasing part of 
Na+,K+-ATPase in the N-terminal direction. Only when the chimera was extended to include 
the M1-M2 hairpin o f Na+,K+-ATPase Na+-activation was observed (chapter 3).
The chimeras HN56 and HNn6  (Figure 6.1) were phosphorylated, but did not show a K+- 
stimulated dephosphorylation reaction; neither did they show K+-stimulated ATPase activity. 
Moreover, Na+ did not increase the phosphorylation levels o f HN56 and H Nn 6 , indicating that 
these chimeras do not possess the amino acids that specify the selectivity for K+ and Na+. The 
chimeras HN46, HN36, and HN26 showed no phosphorylation or ATPase activity at all. 
These chimeras contained the complete intracellular domain between M4 and M5 that 
according to the Toyoshima model (230) includes the nucleotide binding (N) and 
phosphorylation (P) domains o f Na+,K+-ATPase. In these chimeras either the complete A 
domain (HN46, HN36) or part o f it (HN26) originated from H+,K+-ATPase. It seems likely 
that certain structural changes within the ATPases can impede the enzyme activity. W hen 
chimera HN26 was extended in the N-terminal direction with transmembrane segments one 
and two o f Na+,K+-ATPase, Na+-stimulated K+-ATPase activity became apparent. This 
activity was independent o f the origin o f the N-terminal intracellular part. Both chimeras 
(HN16 and HNN 6 ) also possessed Na+ stimulated phosphorylation capacity. The finding that 
the chimeras HN16 and HNN 6  are Na+-sensitive suggests that the first transmembrane hairpin 
is essential for Na+-selectivity. It is tempting to speculate how this fits with the Toyoshima 
model for Ca2+-ATPase (230), that shows that only amino acids from M4, M5, M 6  and M 8  are
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2+ 2+ directly involved in Ca binding. It is known that, whereas Ca -ATPase binds and transports
two Ca2+ ions, Na+,K+-ATPase transports three Na+ ions and binding o f all three ions is
needed for ATPase activity. It could theoretically be that one o f the Na+ ions binds to a region
of the protein that includes the M1-M2 hairpin. Alternatively, the interaction o f the M1-M2
hairpin with the M3-M4 and M5-M6 hairpins through the hydrogen bond network might be
necessary to obtain a functional Na+-binding pocket.
The E2K conformer o f the Na+,K+-ATPase is 3 orders o f magnitude more stable than E 1K, 
while the E 1K and E2K conformations o f the H+,K+-ATPase are energetically nearly 
equivalent (69,181). Chimeras HNN 6  and HN16 have a high apparent affinity for ATP and a low 
affinity for vanadate compared to Na+,K+-ATPase. This is attributable to the relative rates of 
interconversion o f the E 1/E 2 enzyme conformations which yield an equilibrium that is 
probably more close to that o f H+,K+-ATPase than to that o f Na+,K+-ATPase. Consequently, 
the chimeras HNN 6  and HN16 most likely possess the K+ de-occlusion properties o f the 
H+,K+-enzyme, and not those of Na+,K+-ATPase.
In summary, chapter 3 shows that HNN 6  and HN16 are not only chimeric enzymes in 
structure, but also in function. On one hand they possess the Na+-stimulated ATPase reaction 
o f N a+,K+-ATPase, while on the other hand they have the K+ de-occlusion properties of 
H+,K+-ATPase.
Na+,K+-ATPase is specifically inhibited by ouabain. For a number o f years the localisation of 
the ouabain binding site on Na+,K+-ATPase has been subject of many studies, but despite 
attempts to unravel the precise location o f ouabain binding, the amino acids involved in direct 
binding are still unknown. The K+-ouabain antagonism suggests that the K+-binding site, 
which probably includes M4, M5, and M 6 , may also be involved in ouabain binding (162). 
Surprisingly, chimera HN34/56 did bind ouabain with a very high affinity (chapter 4). 
Ouabain inhibited the ATPase activity and affected the phosphorylation level only when both 
M3-M4 and M5-M6 were replaced by the similar regions o f the a 1-subunit o f rat Na+,K+- 
ATPase. Replacement o f either the hairpin M3-M4 or M5-M6 alone or o f the complete N-
1 293terminal part (Met -Ile ), including hairpin M1-M2 did not result in any ouabain effect. 
These findings apparently contrast to those o f Ishii et al. (99,100). They found that the region 
between Ala70 and Asp200 o f Na+,K+-ATPase was sufficient for donating ouabain binding 
capacity to Ca2+-ATPase, although the affinity was less than that o f the wild-type Na+,K+- 
ATPase (99,100). W e did not observe any ouabain binding by chimera HNN3 and HNN3-
R113Q/D124N that contained even a larger part o f Na+,K+-ATPase. Regarding the large
2+differences in amino acid composition, it is unlikely that the part o f Ca -ATPase still present 
in the chimera produced by Ishii et al. (100) can take over the role o f the M3-M4 and M5-M6 
hairpins o f Na+,K+-ATPase, whereas the similar part o f H+,K+-ATPase can not.
The high-affinity binding o f ouabain by chimera HN34/56, is also indicated by the low 
ouabain concentration required to replace 50% of bound [ H]ouabain, which is similar to that 
of purified rabbit kidney Na+,K+-ATPase. It is also clear from the IC 50 value o f 2 |iM  in the 
ATPase reaction, which value is rather similar to that measured for HeLa cells (0.1-2 ^M ) 
(50,53,177). This high affinity is amazing since the two transmembrane hairpins o f Na+,K+- 
ATPase originate from the rat a 1-isoform that is about 1000 times less sensitive than that of
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Figure 6.2 Model for packing of the transmembrane spans. The transmembrane spans of 
the SERCA1a enzyme are shown as seen from the luminal surface. The cations are 
depicted as circles. A possible position of the ß span is drawn adjacent to M7, and close to 
the L78 loop. The extracellular domain of the ß-subunit and all intracellular domains are not 
shown.
rabbit or human (177). W e can only explain our finding by assuming that the M1-M2 hairpin of 
H+,K+-ATPase can take over the role o f this hairpin in Na+,K+-ATPase. Lingrel and co­
workers have shown that the charged amino acids A rg113 and A sp124, present in rat Na+,K+- 
ATPase a 1, are responsible for the relative ouabain resistance character o f this enzyme (177). 
The corresponding amino acids in H+,K+-ATPase are identical to those in Na+,K+-ATPase 
species that have a high affinity for ouabain (Gln and Asn, respectively). W e mutated these 
amino acids in chimera HN34/56 to those present in the rat Na+,K+-ATPase enzyme. This 
resulted in a reduction in the ouabain affinity o f the chimera HN34/56-Q127R/N138D that 
was similar to the reduction in affinity observed when these mutations were performed in 
Na+,K+-ATPase (177). It has been suggested that the overall conformation o f the first 
extracellular loop may influence ouabain sensitivity indirectly by altering the stability or 
structure o f the intermediate o f the Na+,K+-ATPase catalytic cycle which is competent to bind 
ouabain.
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Transmembrane segments M4, M5, and M 6  are thought to establish the cation-binding 
pocket, in which movement o f hairpin M5-M6 may play a role in active transport (77,133). It has 
been proposed that binding o f ouabain to this hairpin inhibits cation transport by immobilising 
these transmembrane domains (162), which is supported by our results. In the last decade many 
amino acid substitutions in Na+,K+-ATPase have been shown to decrease the ouabain 
sensitivity (53). The interpretation o f this loss o f function is fraught with difficulties. The major 
reason for this problem is the question whether the substitution is really directly affecting the 
ouabain binding. W e observed a gain o f function, which is likely to be due to a direct effect. 
W e can conclude that introduction o f transmembrane hairpins M3-M4 and M5-M6 o f Na+,K+- 
ATPase into H+,K+-ATPase results in the formation o f a high affinity ouabain-binding site. 
Future studies in which amino acids in these regions will be substituted can more clearly 
localise the ouabain-binding site.
M ost o f the chimeras in Figure 6.1 are described in chapters 2 to 4. The chimeras NH, HN, 
HN5C, HN7C, HN9C, HN78, and HN56 (with both ß-subunits) were, however, not described 
in this thesis, because o f their lack o f activity: only three o f these chimeras were active. The 
chimera HN56-HKß was already discussed above (and in chapters 3 and 4). Chimera NH- 
HKß showed an ATPase activity that was about 20% of the maximal H+,K+-ATPase activity 
at 10 |iM  ATP. W e could not stimulate this activity by the addition o f K+ or Na+. Probably 
this enzyme possesses a basal ATP hydrolysing capacity without transporting any cations. 
This ATPase activity could not be inhibited with ouabain, but was inhibited by the specific 
H+,K+-ATPase inhibitor SCH 28080. The apparent SCH 28080 affinity for this chimera was 
decreased about 25-fold compared to that o f the wild-type H+,K+-ATPase. The opposite 
chimera HN-NaKß did not possess any ATPase activity, but could be phosphorylated by 
ATP. The phosphorylation level was about 50% of that o f the wild type H+,K+-ATPase and 
was not increased by Na+. The phosphorylation level was slightly decreased by the addition of 
K+. These experiments demonstrate that the cation specificity is not confined to one half of 
the catalytic subunit. They also show that the C terminus o f the a-subunit is important for 
subunit assembly. H alf o f these chimeras are inactive because o f inadequate subunit 
assembly. Why the other chimeras (HN5C, HN7C, HN9C and HN78) are inactive remains 
unclear. It is remarkable that chimera HN7C-NaKß is inactive, whereas HNN 6 -HKß is fully 
active. Production o f chimeras can yield very interesting information when the chimeras are at 
least partially active. When, however, a chimera for unknown reasons is inactive in all assays 
it actually does not contribute significantly to our insight in the mechanism o f action o f these 
enzymes.
Role o f aspartate-804 in Na+,K+-ATPase
The purpose o f the study described in chapter 5 was to investigate whether site-directed 
mutagenesis o f Asp804 in the a-subunit o f Na+,K+-ATPase could yield mutants with a
constitutive ATPase activity. Similar mutations in gastric H+,K+-ATPase on the
820 (2 2 0) corresponding residue Glu had given such results  ^ . Constitutive ATPase activity for
H+,K+-ATPase was defined as the ATPase activity without the addition o f monovalent
103
Chapter 6
cations. Because H+ is always present in the reaction mixture, constitutive activity for H+,K+- 
ATPase is comparable with Na+-ATPase activity for Na+,K+-ATPase.
W hereas for maximal phosphorylation o f the wild-type Na+,K+-ATPase 100 mM Na+ was 
required, most o f the produced mutants (D804A, D804E, D804S, D804G, and D804Q) 
phosphorylated in the absence o f added Na+. Addition o f this cation even resulted in a 
lowering o f the phosphorylation level for most o f these mutants. This reduction o f the 
phosphorylation level can be explained by a K+-like effect o f Na+, since similar Na+ 
concentrations stimulate the dephosphorylation o f the phosphorylated intermediate (this thesis 
and ref. 76). The high phosphorylation level o f the D804A mutant in the absence o f added 
Na+ can in principle be explained in three ways. First, H+ may substitute for Na+, since at low 
pH values the phosphorylation o f the mutant enzyme is stimulated. On the other hand the 
mutated binding pocket may have such a high affinity for Na+ that it could not be measured 
under the assay conditions (the incubation media always contained 5-10 |iM  Na+). By 
increasing the pH or decreasing the temperature the activation by Na+ became apparent. A 
final possibility is that the mutated Na+-binding pocket is in a constitutively active 
conformation, which can be influenced by a change in pH or temperature. The presented data 
do not favour one o f these possibilities.
The ATPase reaction rate o f the D804A mutant, however, was stimulated by the addition of 
Na+ at all ATP concentrations. It is most likely that the main effect o f Na+ is a combination of 
two processes. First Na+, like K+, stimulates the dephosphorylation; Second, K+, unlike Na+, 
inhibits the E 2 ^  E 1ATP conversion through E 1. Addition o f K+ in the presence o f 100 mM 
Na+ increases the ATPase activity, which suggests that the dephosphorylation reaction is 
further stimulated, which under these conditions (high E 2 ^  E 1 rate) contributes to the overall 
reaction rate. ATP concentrations between 10 |iM  and 3 mM did not increase the ATPase 
activity o f the D804A mutant with either Na+ alone or with the combination o f Na+ and K+. 
This suggests that in the presence o f these ions the pathway via E2 ATP (low-affinity ATP- 
binding site) for this mutant is much slower than via E 1. Due to a change in the Na+-binding 
pocket the low-affinity ATP-binding site is apparently absent. In the wild-type enzyme the 
situation is opposite: the rate o f the route through E 1 is very slow and ATP can enhance the 
reaction rate by speeding up the reaction rate through E 2 ATP.
Although we only investigated the D804A mutant in detail the qualitative behaviour o f most 
other mutants in the ATPase reaction was similar to that o f D804A. All these mutants had no 
or a very low (D804S) ATPase activity in the absence o f added Na+. M ost o f them had a high 
Na+-ATPase activity that could not or only slightly be stimulated by additional K+ or ATP. 
Quantitatively there was a large difference in the sense that the ATPase activity o f all other 
mutants is much lower than that o f the D804A mutant. The D804Q mutant did not show 
significant ATPase activity at any condition, but could be phosphorylated by ATP. The 
phosphorylation level o f this mutant even increased in the presence o f 10 mM  Na+. The 
phosphorylated intermediate was very stable and neither K+ nor Na+ could stimulate the 
dephosphorylation process. This suggests that the mutation has modified the K+-binding site 
in such a way that cation binding can no longer occur.
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General discussion and summary
Our results indicate that replacement o f  Asp804 by an alanine residue changes the Na+-binding 
pocket considerably. Obviously, Na+ could substitute K+ in the dephosphorylation reaction. In 
the wild-type enzyme K+ was released from the binding pocket after which Na+ was bound 
and the conformation o f  the enzyme was shifted to the E 1 form. In the D 804A  mutant Na+ 
might already be present in the cation-binding pocket after the dephosphorylation step. 
Therefore the enzyme can shift quickly to the E 1 conformation. This hypothesis is supported 
by the fact that all the other mutants that have high Na+-ATPase activity (D804E, D804G , and 
D 804S) also have a high Na+-stimulated dephosphorylation reaction. A  similar effect has been 
described for the E779A  mutant; this mutated residue is probably also part o f  the cation- 
binding pocket (8). Similarly to what w e have observed for Na+,K+-ATPase, most o f  the 
H+,K+-ATPase Glu820 mutants possess a high ATPase activity in the absence o f  K+ (220), 
indicating that H+ may have taken over the role o f  K+. The findings reported here suggest a 
direct role o f the Na+,K+-ATPase A sp804 and the H+,K+-ATPase Glu820 in the cation 
selectivity.
Future perspectives
The purpose o f  this research project was the identification o f  cation and drug binding sites in 
Na+,K+-ATPase and H+,K+-ATPase. W e succeeded in determining the important regions for 
the binding o f  Na+ and ouabain. These regions are still large and their size can possibly be 
declined with new chimeras. Eventually site-directed mutagenesis will pinpoint specific 
amino acids that are involved in the Na+ specificity and ouabain binding. Many questions 
concerning the structure-function relationship o f  P-type ATPases remain unanswered. Some 
o f these questions can be answered with the support o f  chimeras between Na+,K+-ATPase and 
gastric H+,K+-ATPase. Chimeric enzymes are especially useful for studying differences 
between the parental ATPases. The chimeras could shed light on the region o f  Na+,K+- 
ATPase that is responsible for its electrogenicity. A  few  other differences that are still 
unsolved on a structural level are the binding sites o f  the Na+,K+-ATPase y-subunit, the 
specific H+,K+-ATPase inhibitor SCH 28080 and the N a+,K+-ATPase channel inducing drug 
palytoxin (198).
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Abbreviations
ADP Adenosine diphosphate
ATP Adenosine triphosphate
ATPase Adenosine triphosphatase
C 12E 8 Octaethyleneglycol monododecylether
DCCD Di cy cl ohexyl carb odiimi de
E 1 Enzyme conformation 1
E 2 Enzyme conformation 2
E 1P Phosphorylated enzyme in the Ei conformation
E 2P Phosphorylated enzyme in the E 2 conformation
E 1K Enzyme in E 1 conformation with K+ occluded
E 2K Enzyme in E 2 conformation with K+ occluded
EDTA Ethylenediaminetetra-acetic acid
EGTA Ethyleneglycol-bis(aminoethyl)-tetra-acetic acid
EP Phosphorylated enzyme
ER Endoplasmic reticulum
IC50 50% inhibitory concentration
K0.5 50% stimulatory concentration
kDa Kilo Dalton
M Transmembrane helix
NP40 Nonidet P40
PAGE Polyacrylamide gel electrophoresis
Pi Inorganic phosphate
PM Plasma membrane
SCH 28080 3-(cyanomethyl)-2-methyl-8(phenylmethoxy)imidazo [1,2a]pyridine
SDS Sodium dodecyl sulphate
SE Standard error
SEM Standard error o f the mean
Sf9 Spodoptera frugiperda
SR Sarcoplasmic reticulum
X+ Na+ or H+
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List of amino acids
Amino acid Three letter code One letter code Charge at pH 7
Alanine Ala A neutral
Arginine Arg R positive
Asparagine Asn N neutral
Aspartic acid Asp D negative
Cysteine Cys C neutral
Glutamine Gln Q neutral
Glutamic acid Glu E negative
Glycine Gly G neutral
Histidine His H positive
Isoleucine Ile I neutral
Leucine Leu L neutral
Lysine Lys K positive
Methionine Met M neutral
Phenylalanine Phe F neutral
Proline Pro P neutral
Serine Ser S neutral
Threonine Thr T neutral
Tryptophan Trp W neutral
Tyrosine Tyr Y neutral
Valine Val V neutral
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Samenvatting
In 1957 ontdekte Jens Christiaan Skou (Nobelprijs voor scheikunde, 1997) het Na+,K+- 
ATPase. Dit enzym is aanwezig in alle dierlijke cellen en gebruikt de energie die vrij komt bij 
de hydrolyse van ATP om 3 N a+ de cel uit en 2 K+ de cel in te transporteren. Belangrijke 
taken van het N a+,K+-ATPase zijn de regulatie van de hoeveelheid zout in de cel, de zout­
huishouding van het lichaam (nieren) en de vorming van een K +-gradient die de 
membraanpotentiaal bepaalt. De ontstane ionengradiënten en de membraanpotentiaal zijn 
verantwoordelijk voor de opname van vele belangrijke verbindingen zoals aminozuren en 
monosacchariden. Ouabaine, een specifieke rem stof van het Na+,K+-ATPase werd 
waarschijnlijk voor het eerst gebruikt als pijlgif in Afika. Dit giftige glycoside werd 
geïsoleerd uit de schors van onder andere bomen van de Strophanthus familie. Therapeutisch 
werden glycosiden reeds eeuwen geleden door de Chinezen en Japanners, de oude 
Egyptenaren, Grieken en Romeinen gebruikt. W illiam W ithering (1741-1799) introduceerde 
het glycoside digitalis in de moderne geneeskunde. Digitalis wordt geïsoleerd uit 
Vingerhoedskruid (Digitalis purpurea) en wordt voornamelijk gebruikt voor de behandeling 
van hartfalen en hartritmestoornisen. Als het N a+,K+-ATPase wordt geremd neemt de
hoeveelheid N a+ in de cel toe; hierdoor wordt er meer intracellulair N a+ voor extracellulair
2+ 2+Ca uitgewisseld. De hoeveelheid Ca in opslagplaatsen in de cel vermeerdert, waardoor
allerlei signalen worden versterkt (o.a. de hartslag).
H et N a+,K+-ATPase behoort tot de familie van P-type ATPasen en vertoont grote gelijkenis 
met het H+,K+-ATPase uit de maag. In 1824 werd voor het eerst aangetoond dat maagzuur uit 
HCl bestaat. Een paar jaar later werd vermeld dat de maagzuur-uitscheiding geen continu 
proces is, maar gereguleerd wordt. Slechts enige tientallen jaren geleden werd aangetoond dat 
bepaalde cellen in de maagwand het maagzuur produceren. In de membraan van deze cellen 
bevindt zich een aan het Na+,K+-ATPase verwant enzym: het H+,K+-ATPase. Beide ATPasen 
transporteren K+ de cel in en respectievelijk N a+ en H+ de cel uit. Ze bestaan beide uit een 
katalytische a-eenheid en een regulerende ß-eenheid. M aar er zijn ook verschillen. Terwijl 
het N a+,K+-ATPase 3 Na+ tegen 2 K+ uitwisselt en daardoor electrogeen is, transporteert het 
H +,K+-ATPase 2 H+ tegen 2 K+ en is electroneutraal. Het N a+,K+-ATPase wordt geremd door 
de specifieke remmer ouabaine en het H+,K+-ATPase door SCH 28080. Binnen de werkgroep 
w aar dit promotieonderzoek werd uitgevoerd werd de structuur-functie relatie van deze 
X+,K+-ATPasen al langere tijd onderzocht. De belangrijkste vraag bij dit onderzoek was welk 
deel van beide enzymen de specificiteit voor kationen en remstoffen bepaalt. Het hier 
beschreven onderzoek trachtte deze vraag te beantwoorden door het maken van chimeren 
tussen de a-subeenheden van N a+,K+-ATPase en H+,K+-ATPase en het bestuderen van de 
eigenschappen van deze chimeren.
Hybriden
De a -  en ß-subeenheden van N a+,K+-ATPase en H+,K+-ATPase werden met behulp van 
baculovirussen in insectencellen tot expressie gebracht. Vervolgens werden de membranen 
van deze cellen geïsoleerd en gebruikt voor de beschreven experimenten. In hoofdstuk 2
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wordt onderzocht o f de katalytische subeenheid van het ene enzym kan functioneren met de 
ß-subeenheid van het andere enzym (hybriden). M et behulp van co-immunoprecipitatie- 
experimenten werd aangetoond dat de a-subeenheden van beide enzymen aan beide ß- 
subeenheden binden. De efficiëntie waarmee in de hybriden de subeenheden aan elkaar 
binden is aanmerkelijk minder dan die in de uitgangsenzymen. De ATPase-activiteit van de 
hybriden is slechts 10% van de wildtype enzymen. Deze lagere enzymactiviteit komt 
vermoedelijk door de verminderde subeenheid-interactie. In vergelijking met de 
uitgangsenzymen hebben de hybriden een veranderde K+-gevoeligheid. De N a+,K+-ATPase ß- 
subeenheid geeft een hogere K+-affiniteit aan het enzym dan de ß-subeenheid van het H+,K+- 
ATPase. Kortom, N a+,K+-ATPase en H +,K+-ATPase hebben beide een grote voorkeur voor 
hun eigen ß-subeenheid, maar bezitten ook ATPase-activiteit met de ß-subeenheid van het 
andere enzym. De hybriden hebben een veranderde K +-affiniteit.
Chimeren
De overeenkomsten tussen de katalytische subeenheden van N a+,K+-ATPase en H+,K+- 
ATPase maken het mogelijk om chimeren te produceren en hun katalytische eigenschappen te 
bepalen. Voor de transmembraansegmenten M5-M6 werd een rol gesuggereerd in kation- 
binding en daarom beschrijven we in hoofdstuk 3 een chimeer waarin deze “haarspeld” van 
het H+,K+-ATPase vervangen is door die van het N a+,K+-ATPase. Omdat dit chimeer 
weliswaar gefosforyleerd kon worden maar ongevoelig was voor N a+ en K+, produceerden we 
vervolgens chimeren met een steeds groter wordend deel N a+,K+-ATPase in de richting van 
de N-terminus. Omdat de ß-subeenheid van beide uitgangsenzymen bindt aan het C-terminale 
deel van de a-sub eenheden, werd in alle chimeren dit deel en de ß-subeenheid van H+,K+- 
ATPase gebruikt. Alleen de chimeren waarin de eerste zes N-terminale 
transmembraansegmenten afkomstig zijn van het Na+,K+-ATPase bezitten een N a+- 
gestimuleerde ATPase-activiteit. Chimeer HNN 6 , waarin alleen de C-terminus en de ß- 
subeenheid van H+,K+-ATPase afkomstig zijn, bezit een grote voorkeur voor de E 1- 
conformatie, wat duidt op een korte K+-occlusietijd, gelijk aan die bij het H+,K+-ATPase. Dit 
enzym is een echte chimeer, zowel in structuur als functie: het bezit de N a+-gestimuleerde 
ATPase-activiteit van het N a+,K+-ATPase en de K +-occlusie-eigenschappen van het H+,K+- 
ATPase.
Ouabaine
Reeds vele jaren is de zoektocht naar de bindingsplaats voor ouabaine op het Na+,K+-ATPase 
het onderwerp van vele studies. Ondanks de vele pogingen om de exacte bindingsplaats te 
vinden zijn de aminozuren die betrokken zijn bij de directe binding tot op heden onbekend. 
H et K+-ouabaine-antagonisme suggereert dat de K+-bindingsplaats, die vermoedelijk de 
transmembraansegmenten 4, 5 en 6  bevat, waarschijnlijk een overlap met de ouabaine- 
bindingsplaats heeft. In hoofdstuk 4 beschrijven we de rol van de transmembraansegmenten 
M1-M2, M3-M4 en M5-M6 bij de binding van ouabaine. In één chimeer (HN34/56) waren de 
transmembraansegmenten M3-M4 en M5-M6 van het H+,K+-ATPase vervangen door die van 
het Na+,K+-ATPase van de rat, een isotype met een lage affiniteit voor ouabaine. Tot onze
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verrassing bond chimeer HN34/56 ouabaine met een zeer hoge affiniteit. D it bewijst dat de 
aanwezigheid van de M3-M4- en M5-M6-haarspelden cruciaal is voor de binding van 
ouabaine. De hoge affiniteit voor ouabaine is het gevolg van twee neutrale aminozuren in de 
eerste extracellulaire loop van H+,K+-ATPase, die in het Na+,K+-ATPase van de rat geladen 
zijn.
Mutanten
Polaire en in het bijzonder negatief-geladen aminozuren in de transmembraansegmenten van 
P-type ATPasen spelen waarschijnlijk een grote rol bij de binding en het transport van
kationen. Experimenten met het H+,K+-ATPase uit de maag hebben een belangrijke rol voor
820Glu , aanwezig in transmembraansegment 6 , aangetoond. Deze experimenten hebben geleid
+ 820 tot de hypothese dat de lege K -bindingsplaats, waarin Glu een belangrijke rol speelt, het
defosforyleringsproces remt. Zodra de negatief-geladen K +-bindingsplaats geneutraliseerd
+ 820 wordt (door binding van K+ o f door mutatie van Glu820) kan het fosfo-enzym defosforyleren.
De vraag is o f de bovenstaande hypothese ook opgaat voor het Na+,K+-ATPase. Het analoge
aminozuur van H+,K+-ATPase Glu820 in N a+,K+-ATPase is Asp804. Hoewel reeds
verschillende mutanten van dit aminozuur zijn geproduceerd, zijn ze niet dusdanig
geanalyseerd dat daarmee bovenstaande hypothese getoetst kan worden. In hoofdstuk 5
wordt daarom de analyse van zes verschillende mutanten van Asp804 beschreven. Ofschoon
sommige resultaten vergelijkbaar zijn met die bij het H+,K+-ATPase is de situatie bij het
N a+,K+-ATPase gecompliceerder. Bij het laatste enzym is niet de defosforyleringsreactie,
maar de de-occlusie van K + snelheidsbepalend. De spontane defosforylering die werd
waargenomen bij sommige H+,K+ATPase Glu820 mutanten, was afwezig bij de N a+,K+ATPase
Asp804 mutanten. Bij deze mutanten kon in de defosforylering Na+ wel de rol van K+
overnemen. Verder kan geconcludeerd worden dat na mutatie van Asp804 de affiniteit van de
kationbindingsplaats verandert ten gunste van N a+ ten opzichte van K+. Als gevolg hiervan
hebben de mutanten een grote voorkeur voor de E 1-conformatie en is de ATPase activiteit
vrijwel K+-onafhankelijk geworden.
Toekomst
In dit proefschrift wordt beschreven dat de a-subeenheden van N a+,K+-ATPase en H +,K+- 
ATPase een grote voorkeur voor de eigen ß-subeenheid hebben. Hybriden bezitten slechts 
10% van de wildtype ATPase-activiteit en hebben een veranderde K+-affiniteit. Chimeer 
H NN 6  heeft een N a+-gestimuleerde ATPase-activiteit, maar bezit de K+-occlusie 
eigenschappen van H+,K+-ATPase. Chimeer HN34/56 bindt ouabaine met een hoge affiniteit. 
En mutatie van N a+,K+-ATPase A sp804 verandert de kationspecificiteit ten gunste van N a+ ten 
opzichte van K+.
In toekomstig onderzoek willen we de bindingsplaatsen voor kationen en ouabaine nader 
karakteriseren. In eerste instantie door het maken van nieuwe chimeren en uiteindelijk door 
specifieke puntmutaties. Er zijn nog vele vragen onbeantwoord in de structuur-functie relatie 
van P-type ATPasen. Enkele van deze vragen kunnen beantwoord worden met behulp van 
chimeren. M et name de bindingsplaats van de Na+,K+-ATPase regulerende y-subeenheid, de
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bindingsplaats van de specifieke H+,K+-ATPase remmer SCH 28080 en de bindingsplaats van 
het Na+,K+-ATPase kanaal induceerdende palytoxin kunnen met behulp van chimeren worden 
bepaald.
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manier waarop je  mij de afgelopen vier jaar begeleid hebt. Vooral het corrigeren van de 
artikelen op papier is erg nuttig geweest voor mijn ontwikkeling in het schrijven. Tevens 
had/heb jij meestal veel tijd voor mij (ook in de weekenden) en kreeg ik correcties altijd snel 
terug. Ook gaf je  mij veel vrijheid, zodat ik ook mijn eigen richting aan het onderzoek kon 
geven. En als laatste voorbeeld van je  uitstekende begeleiding zou ik de officieuze ATPase- 
werkgroepbesprekingen 's morgens om half negen op het lab willen noemen. Bedankt voor dit 
alles.
Voor de begeleiding op het lab wil ik Herman bedanken. Jij hebt mij vele biochemische 
technieken en ook de omgang met isotopen geleerd. Jouw kennis van P-type ATPasen heeft 
mij in vier jaar tijd ook tot een expert op dit gebied gemaakt. Telkens als voor mij iets 
onduidelijk was wist jij uit de gele map een eigen artikel te halen waarin het gevraagde 
experiment stond. Ik heb altijd erg genoten van onze gezamenlijke proeven en ik hoop dat we 
in de toekomst nog vaak gespannen bij de teller onze resultaten afwachten. Tot september, 
dan kunnen we weer als team verder.
Harm, wij hebben samen een erg leuke en nuttige tijd doorgebracht in de ATPase-groep. 
Samen hebben we vele nieuwe moleculair-biologische technieken geïntroduceerd. Ondanks 
dat wij totaal verschillende mensen zijn (zie jouw  dankwoord) werden wij door de anderen 
toch vaak als eenheid gezien. N et als in echte X+,K+-ATPasen hebben wij goed 
samengewerkt, w at voor beide subunits resulteerde in een prachtige gezamenlijke output. 
Peter, gedurende mijn promotietijd raakte jij steeds meer betrokken bij het ATPase-werk. 
Recentelijk ben je  zelf meegeweest naar een FEBS course over P-type ATPasen. Jouw 
verfrissende kijk op ons ATPase-wereldje geeft vaak een vernieuwende en bijna altijd een 
verhelderende kijk op de zaak. Ik moet bekennen dat telkens als ik de “laatste” versie van een 
manuscript van jou  terug kreeg, ik wanhopig werd van alle fouten en onduidelijkheden die jij 
toch weer wist te vinden. Bedankt voor jouw  vele bijdragen aan dit boekje, ik hoop in de 
toekomst nog vaak van jouw  kennis te kunnen profiteren. (Ik zou bijna jouw  bijdrage aan 
liederen en stukjes voor de promotiefeesten zijn vergeten, maar dat kan een ieder op 2 2  mei 
waarschijnlijk met eigen ogen aanschouwen).
Terry, ondanks dat je  de tijdsduur van de wetenschappelijke stage in het kader van je  
opleiding tot arts hebt verdubbeld bleven bijna alle gemaakte chimeren inactief. Alhoewel ik 
deze resultaten niet kon publiceren heb ik in de discussie van dit proefschrift de gemaakte 
chimeren toch kunnen beschrijven. Bedankt voor je  grote interesse, inzet en kennis van de 
griekse taal.
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Samen hebben we veel bereikt Chris. In de 9 maanden van je  HLO-stage heb je  de basis 
gelegd voor ons JBC artikel. Ook jij was zeer betrokken bij het onderzoek en ik hoop dat je  
deze passie voor de wetenschap zult behouden.
I would also like to thank Carolyn Slayman from Yale University for the very interesting and 
useful stay at her laboratory. Although we were able to express the gastric H+,K+-ATPase in 
yeast, it was not transported to the plasma membrane. I would also like to thank Tony, 
Thierry, Valery, Manuel, and Ken for their help and pleasant company during my stay in New 
Haven.
D ear Caetano and Carme, I think you will always remember the molecular biology we 
performed at the laboratory in Nijmegen. Probably all o f us learned a lot, at least I did. I really 
enjoined your stay and I am convinced that both o f you will become excellent medical 
doctors.
Dan wil ik ook Sjenet, Klaske, Rob, en R olf bedanken voor de gezellige tijd die we samen 
hadden. Joost en Remko (van de “foute” kant), we zullen elkaar nog wel vaak zien, daar we in 
de toekomst allen op het Universitair M edisch Centrum zullen werken. Gelukkig is de “foute” 
kant met het Trigon ten onder gegaan en mogen we voor de toekomst vrede sluiten! Caroline 
en Maureen, ook jullie wil ik bedanken voor de ondersteuning en interesse in mijn onderzoek. 
Remon, dankzij onze samenwerking zijn we er in geslaagd om binnen een zeer korte tijd 
functioneel MRP2 tot expressie te brengen. Ik zag tot mijn vreugde dat ons eerste artikel uit 
juni 1998 nu al meer dan 30 keer geciteerd is. Aangezien we vanaf september bijna tegenover 
elkaar komen te zitten moeten we onze samenwerking maar eens nieuw leven inblazen.
Ook wil ik Nine, Leo, Hans, Bert, René en met name Iwan bedanken voor de de geslaagde en 
plezierige samenwerking tussen onze vier groepen. Jammer genoeg is er nog geen 
vervolgartikel, maar ik verwacht dat we onze samenwerking kunnen voortzetten en de rol van 
de Na+,K+-ATPase y-subeenheid in hypomagnesiëmie volledig kunnen ophelderen.
Gert Vriend, dankzij jouw  bereidheid om in de drukke tijden van de bioinformatica ons te 
helpen bij het maken van een model voor het H+,K+-ATPase hebben wij veel over de 
structuur van P-type ATPasen geleerd. Ik verwacht dat we in de toekomst vaker een beroep 
op jouw  kennis zullen doen.
Karl, we had a great (running) time at the Gordon Research Conference in Ventura. I hope 
that our collaboration will result in some nice pictures.
Herrn Prof. Dr. Bamberg, möchte ich danken, daß er mir die M öglichkeit gegeben hat, einen 
Teil meiner Doktorarbeit am Max-Planck-Institut für Biophysik durchzuführen. Auch allen 
M itarbeitern der Bamberggruppe möchte ich für die herzliche und stimulierende Atmosphäre 
danken.
Uiteindelijk wil ik ook mijn ouders, familie en vrienden bedanken voor hun interesse en hulp 
tijdens mijn promotie-onderzoek. Al was het maar bij onze verhuizing van A naar N  en van N  
naar Z, o f voor de ontspanning tijdens het zeilen. Tot slot wil ik nog even kwijt dat ik erg blij 
ben met mijn Andrea, die mij de vrijheid geeft om de Wetenschap te bedrijven.
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Jan Koenderink werd 25 november 1970 geboren in Haaksbergen. In 1987 haalde hij het 
MAVO diploma en in 1990 het VWO diploma te Haaksbergen. Aansluitend studeerde hij 
Bioprocestechnologie aan de Landbouw Universiteit W ageningen. Tijdens deze studie liep hij 
stage bij de vakgroep Virologie, LUW  (Prof. Dr. J.M . Vlak), vakgroep M edische Biochemie, 
UL (Dr. J.J.B. Boesen en Prof. Dr. D. Valerio) en Solvay Duphar, Weesp (Dr. P.H. Flore). In 
1996 behaalde hij het ingenieurs-diploma.
Aansluitend startte hij in september 1996 in dienst van de Nederlandse Organisatie voor 
W etenschappelijk Onderzoek als Onderzoeker in Opleiding bij de afdeling Biochemie van de 
Faculteit der Medische W etenschappen, Katholieke Universiteit Nijmegen. Hier voerde hij 
onder leiding van Prof. Dr. J.J.H.H.M. de Pont het in dit proefschrift beschreven onderzoek 
uit. Tijdens dit onderzoek werkte hij 6 weken in de onderzoeksgroep van Prof. Dr. C.W. 
Slayman, Yale University, New Haven, USA.
Sinds 1 september 2000 is hij werkzaam als post-doc in de onderzoeksgroep van Prof. Dr. E. 
Bamberg, M ax-Planck-Institut für Biophysik, Frankfurt am Main, Duitsland. Hier verricht hij 
onderzoek naar de electrofysiologische eigenschappen van P-type ATPasen. V anaf 1 
september 2001 zal hij als post-doc bij de afdeling Biochemie van de Faculteit der Medische 
W etenschappen, Universitair Medisch Centrum St Radboud, Nijmegen onderzoek verrichten 
aan het H+,K+-ATPase in de nier.
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